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Short Abstract
This thesis develops applications for vehicular ad-hoc networks that go far beyond the
currently established areas of driving safety and traﬃc eﬃciency. The ad-hoc network
is regarded as a dynamic information resource which is available to any vehicle at any
time. In contrast to current state-of-the-art research, the proposed Pull Paradigm starts
at the user’s vehicle rather than at an information source somewhere in the network, e.g.
a braking car. To access information from highly dynamic ad-hoc networks, bidirectional
communication and information discovery and retrieval play a vital role. Therefore, in
the course of the work, the applicability of the Pull Paradigm to established vehicular
ad-hoc networks is thoroughly examined and missing aspects are identified. It turns out
that a number of enhancements to almost all layers of the network stack are necessary in
order to apply the Pull Paradigm using existing technology. The central elements here
are two novel algorithms for managing information flow and dissemination in ad-hoc
networks, which are at first formulated from the abstract perspective of graph theory.
Using the knowledge gained leads to the development of PADE, a platform that supports
development of vehicular ad-hoc network applications. The designed algorithms are then
implemented as a routing scheme, integrated and evaluated in large, simulated city sce-
narios. Furthermore, PADE combines “real” and simulated communication technologies
and abstracts from them, so that applications can be transferred from the lab into a test
vehicle with minimal eﬀort. In order to achieve this ambitious goal, PADE builds on
a number of existing simulation and communication technologies. The practical appli-
cability of the Pull approach is shown in two demonstrators that are integrated into a
BMW 5 series test vehicle. The presentation module of the PADE platform was tested
in the currently largest field operational test for vehicular ad-hoc communication. Over
400 drivers in 120 vehicles experienced the system on a daily basis.
v

Kurzzusammenfassung
In dieser Doktorarbeit werden Anwendungen für Fahrzeug Ad-hoc Netzwerke erarbeitet,
die weit über die derzeit etablierten Bereiche der Fahrsicherheit und Verkehrseﬃzienz hin-
ausgehen. Das Ad-hoc Netzwerk wird dabei als dynamische Informationsressource ange-
sehen, die jedem Fahrzeug zu jedem Zeitpunkt zur Verfügung steht. Im Gegensatz zum
derzeitigen Stand der Forschung geht das vorgestellte Pull Paradigma vom Fahrzeug des
Benutzers und nicht von der Informationsquelle aus, z.B. einem bremsenden Fahrzeug.
Für den Zugriﬀ auf Informationen aus hochdynamischen Ad-hoc Netzen, spielen bidirek-
tionale Kommunikation, Informationssuche und -rücktransport eine entscheidende Rolle.
Im Verlauf der Arbeit wird deshalb die Anwendbarkeit des Pull Paradigmas auf etablierte
Fahrzeug Ad-hoc Netze untersucht und fehlende Aspekte identifiziert. Es zeigt sich,
dass eine Reihe an Erweiterungen auf fast allen Ebenen des Netzwerkstapels nötig sind
damit die bestehende Technologie um das Pull Paradigma erweitert werden kann. Zen-
traler Punkt hierbei sind zwei neuartige Algorithmen zur Informationsverwaltung und
-verbreitung in Ad-hoc Netzwerken die zunächst abstrakt aus Sicht der Graphentheorie
formuliert werden. Mit Hilfe der gewonnenen Erkenntnisse wird PADE, eine Plattform
zur Entwicklung von Anwendungen für Fahrzeug Ad-hoc Netze, entwickelt. Die entwor-
fenen Algorithmen werden dann als Routingverfahren im Netzwerkstapel realisiert, in
diesen integriert und auf großflächigen Stadtszenarien im Simulator evaluiert. Des Weit-
eren vereint PADE “echte” und simulierte Kommunikationstechnologien und abstrahiert
von diesen, sodass Anwendungen mit minimalem Aufwand vom Labor in ein Testfahrzeug
überführt werden können. Um dieses ambitionierte Ziel zu erreichen, wird auf einer Reihe
bereits bestehender Simulations- und Kommunikationstechnologien aufgebaut. Die prak-
tische Anwendbarkeit des Pull Paradigmas wird anschließend in zwei Demonstratoren
implementiert und in ein BMW 5er Testfahrzeug integriert. Das Präsentationsmodul
der PADE Plattform wurde im derzeit weltgrößten Feldversuch für Fahrzeug Ad-hoc
Kommunikation von über 400 Fahrern in 120 Fahrzeugen im Alltag getestet.
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1. Introduction
1.1. Motivation
The digital networking of the world has become ubiquitous and has aﬀected more and
more areas of our daily life in the first decade of the 21st century. People are able to
check real-time bus schedules, to locate the closest and best-rated Italian restaurant, or
to instantly share pictures of their latest mountain-bike trip with their family. However,
the reason for this is not the wired Internet that was already widespread in the 90s, but
rather the availability of wireless communication technologies to the masses. With the
introduction of UMTS and WLAN for the expansion of wired local area networks, the
Internet has become mobile and no longer bound to the home or to the working environ-
ment. Today’s smart phones connect people everywhere, instantly, and at transfer rates
that are comparable to wired technologies. This is achieved by the fourth generation of
cellular radio: Long Term Evolution (LTE), which is currently rolled out. Furthermore,
the trend in mobile communication is towards real-time Internet with the upcoming 5G
standard.
A similar trend can also be observed in the context of the automobile, even if it
is slightly oﬀset. Today, a modern car is strongly networked internally and integrates
hundreds of sensors that form the basis for increased safety, eﬃciency and comfort: cli-
mate sensors, radar, infrared- and daylight-cameras, just to name a few, enable a great
variety of Advanced Driver Assistance Systems (ADAS) and In-Vehicle Information Sys-
tems (IVIS). Among others, the lane keeping assistant, automatic cruise control (ACC),
parking assistance, and navigation are already oﬀered in series-production vehicles. The
widespread industry standard for connecting these sensors with the appropriate actua-
tors in the car is currently being established via wired communication technologies.
When considering the success of wireless communication technologies in other areas
such as smart cities, smart homes, or smart phones as mentioned above, the next logical
step is to expand this technology to the domain of smart mobility. Individual transport
in particular plays a major role in this context. OEMs recently introduced Internet in
their cars allowing drivers to access emails, connect to their social networks, or retrieve
information about parking spaces. While this is just a transfer of existing technology to
the car, another great leap in the evolution of the automobile is now, after decades of
research, just around the corner: Car2Car Communication is seen as the future of the
smart car, since intermediary access points are dispensable. With the start of simTD in
2008, major German car companies, research institutes, and universities teamed up to
bring the results of previous related projects onto the streets in the largest field opera-
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tional test for cooperative vehicles. Even then, the technical foundations were already
considered stable enough to test and evaluate use cases of the past in real traﬃc scenarios.
Direct communication between vehicles oﬀers a variety of applications. Today, mostly
safety-related applications are tested: cross-traﬃc assistance, emergency vehicle warn-
ings, or congestion warnings just to name a few. From a technological point of view,
this can be considered as extending existing sensors in a car with unidirectional wireless
capabilities in order to share their information with other vehicles. These applications
have one thing in common: Information is primarily broadcast from one sender to multi-
ple receivers in order to disseminate messages and warnings over the ad-hoc network as
quickly as possible, hence this communication strategy is referred to as Push Paradigm.
Based on sensor data, dangerous situations that require notification of other vehicles are
detected and sent to vehicles in range automatically by the application logic.
While the wireless extension of in-vehicle sensors will definitely contribute to the con-
cept of smart cars, the technology itself constitutes enormous potential for another kind
of use case beyond today’s approach: By making sensors accessible to the community
of cooperative vehicles, smart cars will become part of smart vehicle networks. Here,
the ad-hoc network is considered as a huge information resource where data provided by
sensors is available on-demand to anyone at any time.
Smart vehicle networks greatly enhance application areas of cooperative vehicles. The
vision of this thesis is to introduce interactivity into the current communication paradigm
of the connected car rather than just extending sensors by wireless capabilities and push-
ing their information to other cars. The application areas proposed in this thesis reach
far beyond safety and traﬃc eﬃciency: They enable the driver to interact with the ad-
hoc neighborhood.
Imagine the following situation from the year 2020: Bob arrives at a large parking lot.
It is not immediately clear to him where the next open spot is located. Before he wastes
time searching, he asks his new parking-lot assistant to guide him. The application ac-
knowledges his request and augments it with specifications of Bob’s car and his personal
preferences. Then the request is sent onto the vehicular ad-hoc network. Thanks to
the always-on always-connected paradigm of communicating cars, his request is also for-
warded by parked vehicles. Using on-board sensors, they can identify open spots next
to them. Even more, with the help of the specifications that were sent along with the
request, appropriate spots are identified. An answer is generated and immediately sent
back to Bob using other cars as communication relays. Bob is happy about the instant
response to his request and starts guidance to his parking spot.
The described scenario illustrates that a bidirectional communication in mobile ad-
hoc networks has the potential to greatly enhance driver experience. However, when the
driver or the system requests information available somewhere in the network, the techni-
cal realization gets significantly more challenging than in current state-of-the-art ad-hoc
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networks. Since today’s protocols are highly optimized for fast dissemination, they lack
the ability to perform information source discovery and -retrieval. For example, Bob’s
request for a parking spot that fits the preferences of his car cannot be implemented since
searching for the parking spot and delivering the result back to him are currently not
considered at all. Within the proposed Pull Paradigm of this thesis, questions on how
to locate the relevant information in a highly dynamic ad-hoc network and how to route
back information once it is found are addressed. Information caching and dissemination
within the ad-hoc network is also of great significance. Therefore, central elements of
this thesis are two novel algorithms that enhance existing technology by the ability to
perform mandatory information source discovery and -retrieval.
Another important aspect is that there is hardly any focus on the “last mile”: the
presentation of the requested information to the user. Generally speaking, an HMI de-
sign concept has not yet been developed. Therefore, a comprehensive automotive HMI
is implemented that coordinates applications accessing limited resources in parallel. Al-
though input and analysis of Pull requests also play a major role in interactive vehicular
ad-hoc networks, this thesis focuses on the application and network level, thus develop-
ing enabler technologies. Requests are resolved and decomposed on the application level
without requiring the user to input complex data. For example, Bob only needs to trigger
the search for a parking spot while the car adds specifications of his car and personal
preferences automatically.
Large field tests for evaluating wireless communication technologies and their appli-
cations as in simTD are expensive and potentially safety-critical. This is why a lot of
research in the past has focused on the simulation of the underlying network commu-
nication in order to test Car2X-based ADAS in the lab before they get integrated into
real cars. To simulate local danger warnings, for example, more than one simulator
is required: Network simulation, traﬃc simulation, and environment simulation have
to be coupled in order to address realistic scenarios. Analyzing the results of a test
run involves scanning log-files containing information on wireless transmissions and the
integrated applications. In order to assess the eﬀect on drivers, a driving simulator is
necessary. Therefore, a driving simulator will be added in the practical part of this thesis.
In order to give the reader a more comprehensive understanding of the Pull Paradigm,
it is described in the next section.
1.2. The Pull Paradigm
This thesis proposes a novel paradigm for Car2X Communication networks by introducing
interactivity to the ad-hoc community. This Pull Paradigm is compared to the estab-
lished Push Paradigm in Figure 1.1. The Push Paradigm is unidirectional and starts with
an event somewhere at an information source within the ad-hoc network. This event,
a car crash for example, is then broadcast as fast as possible. On receipt, cars perform
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a relevance check and, if positive, the event is presented to the user. Furthermore, cars
forward this event even if it is not relevant in the local context. The network stack is
tailored to these kinds of applications. This will be thoroughly discussed in Chapter 2.
Figure 1.1.: The Pull Paradigm starts at the user who is actively requesting information
from the ad-hoc network while the Push Paradigm starts at an information
source, e.g. accident.
The Pull Paradigm, however, is bidirectional and starts at the user who is proactively
requesting information from the ad-hoc network (Figure 1.1, bottom). In contrast to the
Push Paradigm, an discovery procedure is mandatory in order to locate the information
source, as it is unknown at the time when an information request is issued. Once the
source is located, information needs to be transported back to the user’s car. Most likely
the topology of the ad-hoc network has since changed and therefore other cars are in-
volved in the return path than in the forward run. Information discovery and information
retrieval are key challenges for implementation of the Pull Paradigm and are addressed in
Chapter 5. Here, advanced algorithms for information management in vehicular ad-hoc
networks are developed.
The Pull Paradigm is defined as follows:
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Definition 1 The Pull Paradigm considers all entities of a vehicular ad-hoc network
as potential information sources. In established vehicular ad-hoc networks every par-
ticipating entity possesses only limited knowledge about other entities and information
they hold. This limitation is defined by the communication range of an entity. The Pull
Paradigm overcomes this limitation by making information sources globally accessible for
every participating entity.
1.3. Research Questions
This thesis addresses the following research questions:
• Is the proposed Pull Paradigm described in Section 1.2 applicable to
established Car2X Communication networks? The established Car2X Push
Paradigm is highly optimized to distribute information in vehicular ad-hoc net-
works as quickly as possible. This will become clear when looking at each layer
of the Car2X network stack and its applications which are tailored to safety and
traﬃc eﬃciency. However, within the Pull Paradigm vehicular ad-hoc networks are
considered as a highly dynamic information resource. This thesis will show that an
implementation of the Pull Paradigm requires profound changes to state-of-the-art
Car2X networks.
• What are possible application areas for the Pull Paradigm considering
specific limitations of Car2X Communication networks? As this thesis will
show in Section 2.1, research in the Car2X domain has hitherto mainly considered
safety applications especially when using vehicular ad-hoc communication. Intro-
ducing the Pull Paradigm widens the scope of possible application areas. Within
the context of this research question the thesis will propose novel applications for
the Pull Paradigm and also consider specific technical limitations of Car2X Com-
munication networks.
• Are existent simulation tools applicable for integrating Pull applica-
tions? Realistic simulations of Car2X networks are an essential component in the
toolchain for developing applications for cooperative vehicles. They enable cost-
eﬃcient evaluation of large scenarios or safe execution of dangerous situations. By
looking at existing simulation tools this thesis will assess how they can be applied
to the proposed Pull paradigm and what enhancements are necessary.
• How can development of Pull applications be supported on the software
level? Existing software tools for developing Car2X based applications are tailored
to safety and traﬃc eﬃciency. Within the scope of this question a framework that
support development of Pull applications is introduced. The thesis will develop
an end-to-end support chain from the protocol level, over the application level, to
HMI level.
• How can existent ADAS / IVIS and Pull applications be integrated in a
common HMI framework? The modern car integrates a range of active driver
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assistance systems (ADAS) and in-vehicle information systems (IVIS). Adding Pull
applications to this already-rich variety of systems brings up the question of how
these can be integrated. Here, an HMI framework for Car2X-based Push and Pull
applications will be developed that coordinates parallel-running tasks which access
limited HMI resources at the same time. The focus is on information presentation
rather than the input of Pull requests.
• What are qualified evaluation metrics that measure performance of the
Pull Paradigm? Up to this point, no metrics are known that express reliabil-
ity and robustness of a Car2X network that support bidirectional communication.
Within the scope of this research question, the thesis will define suitable metrics
that are applied to the evaluation of Pull-enabled vehicular ad-hoc networks.
1.4. Terminology
Throughout this thesis several abbreviations are used. This section summarizes these
terms and introduces their meaning.
I2B
Infrastructure
BicyclesVehicles
B2
II2C
C2B
C2C
C2X, V2X
C2I 
B2C
B2B
I2I
Push Pull
unidirectional bidirectional
asymmetric symmetric
information-centric user-centric
Figure 1.2.: Terminology used in this thesis. Left: Communication partners in the
Car2X domain, right: Terminology for the Pull Paradigm.
In European research the term “Car2X (C2X)” has been established when referring to
vehicular ad-hoc networks and will be used in this thesis. “X” denotes the communication
partner but not the specific wireless communication technology used. Communication
partners in the context of this document are other cars (C2C), bicycles (C2B), motor-
cycles, or infrastructure (C2I), which encompasses stationary objects on the roadside.
In the literature, these include roadside units, traﬃc lights, electronic traﬃc signs, or
traﬃc authorities. Furthermore, the garage door, home, and oﬃce can also be included.
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Communication in the opposite direction is often indicated by interchanging the letters,
e.g. I2C for infrastructure-to-vehicle communication (see also Figure 1.2, left). With
the communication paradigm detailed in this thesis, novel communication partners are
added, such as environmental displays, or charging stations for electric powered vehicles.
Note that the term “Vehicle2X (C2X)” can often be found in the American literature but
is not used in this document.
The terminology for the Push and the Pull Paradigm is shown in Figure 1.2, right.
As introduced in Section 1.2, bidirectional communication is added to established Car2X
networks but also the term symmetric communication can be used in contrast to asym-
metric communication for the Push Paradigm. The Pull Paradigm is considered to be
user-centric whereas the Push Paradigm is clearly focused on presenting information,
hence it is said to be information-centric.
1.5. Outline of this Thesis
Chapter 2 gives an in-depth analysis of the established unidirectional Car2X networks.
Early research in this domain and evolvements of communication technologies over time
are presented. An important role in Car2X research is vendor-independent communi-
cation, which led to several eﬀorts for standardization on an international level. The
chapter continues by looking at today’s wireless communication technologies and ana-
lyzes their applicability to the Pull Paradigm. Furthermore, tools for an all-embracing
simulation of Car2X networks are presented.
Chapter 3 describes application areas of the Push Paradigm. It follows well-established
categories of applications in this domain: safety, traﬃc eﬃciency, infotainment and other.
Diﬀerent sources are analyzed: conceptual use cases that were specified by leading stan-
dardization institutes as well as implementations in the largest field operation tests.
Finally, an overview of already-available products in the context of connected cars are
presented.
Chapter 4 draws conclusions from the results that were gained in Chapters 2 and
3. In order to implement the Pull Paradigm, Chapter 4 lists necessary enhancements to
today’s Car2X Communication networks.
Chapter 5 introduces advanced algorithms for information management in vehicular
ad-hoc networks that add bidirectional communication. These algorithms are superior
to the existing state of the art. They lay the foundations for implementation of the Pull
Paradigm on the network level and add information discovery, advanced dissemination
techniques, and information retrieval to Car2X networks as introduced in Section 1.1.
For the sake purpose of generality, the problem is transferred to graph theory and solved
within this domain.
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Chapter 6 deals with the Pull Paradigm from the application level and introduces
four novel categories with four applications each. Additionally, new ADAS are presented
which incorporate vulnerable road users into the Car2X community. Requirements for
each application with respect to the Pull paradigm are investigated. Furthermore, the
multiple reality model is introduced, which describes changing perceivable characteristics
of real objects in a way such that a directed information transfer to the intended addressee
can be realized, e.g. no other road users are involved. Chapter 6 concludes by selecting
some of the most promising Pull applications for implementation using a well-established
selection process.
Chapter 7 implements the Pull Paradigm in software referred to as Car2X Platform
for Application Development and Evaluation (C2X PADE). It consists of several mod-
ules, each addressing one requirement of the Pull Paradigm as identified in Chapter 4.
C2X PADE provides tools for application development, messaging support, and also adds
simulation tools for assessing large scenarios. A special abstraction layer enables transfer
to a test vehicle with almost no code changes. Advanced algorithms developed in Chapter
5 are implemented as routing algorithms and integrated into the Car2X network stack.
Furthermore, a presentation module supports development of graphical user interfaces.
Chapter 8 applies C2X PADE by developing Pull applications that were selected in
Chapter 6. Additionally, Push applications implemented in simTD using PADE’s presen-
tation module are presented. The last section of this chapter implements a first version
of the multiple reality model that was previously introduced in Chapter 6.
Chapter 9 evaluates advanced algorithms that were detailed in Chapter 5 on simu-
lated city scenarios. The chapter introduces novel evaluation metrics that measure the
algorithms’ performance in the Pull Paradigm.
Chapter 10 presents PADE’s practical application to several research systems while
this thesis developed. In simTD for example, Volkswagen and Opel decided to replace
the project-specific user interface with an OEM-designed version. PADE’s presentation
module controlled this user interface. This chapter describes the adaptions to PADE and
the results. Furthermore, integration of PADE into DFKI’s BMW test vehicle is pre-
sented. The last practical example describes a system for E-Bike fleet management that
was demonstrated to the public at the Mobile World Congress 2013 (MWC) in Barcelona.
Finally, Chapter 11 concludes with the findings of this thesis and critically discusses
the applicability of the Pull Paradigm to first generation Car2X Communication net-
works.
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This chapter lays the foundations that enable the implementation of the Pull Paradigm
in Car2X Communication networks. For this, it is essential to build up a strong under-
standing of the underlying communication technology. Only with this knowledge it is
possible to assess possibilities and limitations with respect to the goals of this thesis.
The analysis of Car2X Communication networks starts with a historical overview of
projects that were completed since the 1980s. The goal is to familiarize the reader with
research in this domain. Car2X Communication has been thoroughly studied in the past
across all continents. Therefore the presentation of projects cannot be complete, but cov-
ers important milestones. Besides this historical overview, latest advances in the domain
of vehicular ad-hoc networks is discussed. This includes two field operational tests on
national and international level which are considered as a last step before introduction to
the market. Parts of this thesis contributed to one these projects, the currently largest
field operational test for Car2X Communication, simTD.
In order to allow vendor-independent vehicular communication, activities have to be
coordinated across OEMs and technology has to be standardized. These aspects are of
great importance for this thesis, since the developed system should be compatible with
current standards and/or augment them at key points. Established standards and stan-
dardization institutes relevant for Car2X Communication are therefore presented.
Vehicular ad-hoc networking and other wireless communication poses several challenges
to the technology which are introduced this chapter. Furthermore, essential tools for
simulating large-scale scenarios are analyzed. After selecting suitable tools, they will be
used in Chapter 7 for building a software framework that fulfills the requirements of the
Pull Paradigm. Novel applications can then be built on top of this framework.
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2.1. The “Push” Paradigm: Today’s Car2X Communication
Networks
2.1.1. Historical Overview
An increasing number of C2X-related research projects have been conducted since the
beginning of the 1980s. Activity could be observed in Europe, the United States of Amer-
ica and Japan. This section describes the history of research in this domain but due to
the large number and variety of projects, it makes no claim to be complete. Rather, im-
portant milestones and contributions are described. The focus is on activities in Europe,
and especially applications, as well as their development over time.
PROMETHEUS
Literature in the C2X domain often cites the EUREKA-PROMETHEUS1 [Braess, 1995]
project as the first step towards cooperative vehicles. The project was carried out from
1987 – 1994 and funded by the European Union and pursued the ultimate goal to develop
autonomous cars. Nowadays, ADAS like Automatic Cruise Control (ACC) can be found
in series-production vehicles. The basis for this technology was developed within research
activities in Prometheus: The VITA vehicle (Vision Information Technology Application)
was able to steer, brake, and accelerate the car autonomously. By detecting cars and
other obstacles using a computer vision approach, it was able to keep a certain distance
from vehicles in front of it. Wireless communication technology was also researched in
order to improve traﬃc safety. [Walid Dabbous, 1988] present first approaches to C2C
communication on the basis of wireless ad-hoc networks. Even in this early stage, they
distinguish a communication system and an expert system which uses artificial intelli-
gence techniques for presenting action guidelines to the driver. Implementations today
pursue a similar approach: Most frameworks use a communication unit for managing
the C2X neighborhood and an application unit. On the application side, Dabbous et al.
describe five scenarios:
• Merging lanes (highway): While entering the motorway, the vehicle is in another
vehicle’s blind spot. Cooperation is needed between the two involved cars in order
to resolve this potentially critical situation.
• Passing (rural road): Passing in rural scenarios is especially dangerous when
large parts of the road are occluded. A head-on crash could be the consequence.
In the scenario described in [Walid Dabbous, 1988], the car announces its intention
to pass and awaits acknowledgement from the moving vehicle ahead.
• Crossing vehicles (urban traﬃc): Two vehicles intend to cross the same inter-
section at the same time. Vehicular communication prevents a crash by adjusting
1PROgraMme for a European Traﬃc of Highest Eﬃciency and Unprecedented Safety
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their trajectories. This scenario is still part of C2X research today: Lateral cross-
traﬃc assistance is described in Chapter 3. In contrast to this first approach,
autonomous intervention is not desired.
• Convoy driving (on a highway): One vehicle is leading a convoy on the motor-
way.
• Accident in fog (on a highway): Stopping a car on a highway leads to automatic
broadcast of an emergency signal. Approaching vehicles are warned accordingly.
The content of this signal is not specified in the document. This scenario can be
compared to today’s well-researched local danger warnings (cf. Chapter 3).
Some of the ideas in Prometheus can be found in today’s C2X networks. Although
first steps in autonomous driving succeeded in Prometheus, implementation of the fully
operational system including all ideas described above was not achieved due to the lack of
suitable communication technology. However, the size and impact of the PROMETHEUS
programme led to a high degree of popularity in the Car2Car research community.
Wolfsburger Welle
However, it should be noted here that earlier, less well-known research exists. For exam-
ple, an initiative by Volkswagen and Siemens from 1981 to 1983 is worth mentioning. The
project “Wolfsburger Welle” (Wave of Wolfsburg) [Zimdahl, 1983] can also be classified
as work within the I2C domain. It pursued the goal of optimizing traﬃc flow in urban
environments by suggesting the optimal speed for passing upcoming traﬃc lights during
their green phase. In order to transmit the relevant information from the road infras-
tructure into vehicles, Volkswagen and Siemens used infrared light. Even in this early
phase, they used an HMI in the form of a horizontal bar (see Figure 2.1). Depending on
current vehicle speed, the bar was moving on top of a yellow and a green zone, indicating
during which phase the car would pass the traﬃc light. Drivers could then accelerate or
decelerate accordingly. The system was integrated together with “Autoscout” in a VW
Transporter T3. The latter system can be seen as a first step towards today’s common
navigation systems, which will not be presented in detail here. Although technology for
I2C communication experienced a shift from infrared light to radio waves, a similar use
case in recent research within the Push Paradigm will be discussed in Chapter 3.
Two interesting results of the project should also be mentioned here. First, drivers
were often speeding when using the Wolfsburger Welle. They justified their behavior by
pointing out that the system recommended this action. Second, due to the high number
of necessary glances towards the HMI, it was found to be highly distracting from the pri-
mary task [Richter, 2005]. This indicates that even in this early stage, researchers were
aware of driving distraction, but approaches to minimize it were not addressed within
the scope of the project. The focus was clearly on technical questions.
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Figure 2.1.: “Wolfsburger Welle”. On the left picture the HMI for this system is shown.
The two zones marked by the blue box were yellow and green. Movement of
the black bar on top was coupled to current vehicle speed and traﬃc light
phases. By accelerating or decelerating, the driver could adapt her speed in
order to pass the traﬃc light during its green phase. The right picture shows
an infrared receiver behind the rear-view mirror. Pictures were taken from a
joint press release of the Siemens AG and the Volkswagenwerk AG [Siemens,
1983].
With the increasing availability of suitable wireless communication technology, several
research projects were carried out during the 1990s.
Chauﬀeur I / II
From 1996 to 1998, the EU-funded project Chauﬀeur I[Brandenburg et al., 2000] inves-
tigated the feasibility of what is called “road trains” today: A vehicle driving in front
is leading autonomously steered followers. The first car of the train is controlled by an
active driver. Chauﬀeur I targeted the safe increase of freight traﬃc on motorways us-
ing these road trains. The project involved professional drivers and freight forwarders.
Together with experts, they evaluated the technical and ecological feasibility of three
Chauﬀeur I applications:
• Tow-Bar: Two trucks are driving in vertical alignment where only the first truck
needs a driver. The truck behind is maintaining speed and distance.
• Platooning: A series of more than two trucks are coupled electronically. Only the
first truck needs a driver.
• Automated platooning: a feasibility study of fully automatic truck platooning.
Both involved parties, freight forwarders and professional drivers, clearly saw the need
for such a technology. Professional drivers explicitly pointed out the importance of suit-
able HMIs. Passing strategies and keeping the driver aware of the running system were
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Figure 2.2.: Trucks used in Chauﬀeur II for the platooning application. On the left
picture, the active infrared pattern used for tracking is clearly visible.
also rated as essential. At this time, making such a system more generic was also dis-
cussed, allowing it to couple arbitrary trucks, not only Chauﬀeur-equipped vehicles.
Based on the findings of Chauﬀeur I, the follow-up project Chauﬀeur II[Brandenburg
et al., 2000] then realized two applications: Chauﬀeur Assistant and Platooning. The
first was able to follow an arbitrary truck driving in front. The second realized platooning
on a test track involving three trucks. From a technical point of view, Chauﬀeur II com-
bined vision-based approaches (infrared), radar and also 5.8 GHz radio communication.
Figure 2.2 shows trucks used for this system during the final presentation.
Road trains can also be applied to the Pull Paradigm. Consider a situation of the
future where this mobility concept on motorways is a common way to travel. Before
“attaching” to a road train, the driver could start a request to other cars in order to
identify the most suitable for them, e.g. the leading vehicle of the road train travels a
route that closely matches her own.
CONCERT
The CONCERT2 project was an EU-funded research initiative from 1996 – 1998. Eight
European cities were working on the same goal: travel demand management by means of
telematic tools [Appert et al., 1998a]. Among other things, it combined integrated pay-
ment with smart cards, pricing and access control for managing road use3. The project
is mentioned here because one of the demonstrators, TRON2, is particularly interesting
within the scope of this thesis. It was concerned with road pricing based on 5.8 GHz
DSRC equipment [Appert et al., 1998b]. The goal was to charge cars entering the city
2CO-OPERATION FOR NOVEL CITY ELECTRONIC REGULATING TOOLS
3http://cordis.europa.eu/telematics/tap_transport/research/projects/concert.html
13
2. Foundations of Car2X Communication
Public 
Network
Central system
Roadside system
Internet
Central System
Modem
Modem
Data Collection System
Antenna Unit On-Board Unit
Figure 2.3.: System overview of the TRON2 demonstrator. An early example of C2I
communication applied to toll payment. Adapted from [Appert et al., 1998b].
center of Trondheim by using C2I communication. A roadside station (RSS) covered
all entries of the town center. On-board Units (OBUs) were placed in the cars, each
carrying a unique identifier. Figure 2.3 shows a complete system overview of the TRON2
demonstrator. User acceptance was measured using questionnaires. For technical evalu-
ation, drivers were instructed to follow a validation procedure when passing an RSS. No
information could be found about evaluation results of TRON2. However, it is listed in
this section in order to demonstrate early application of I2C communication to wireless
payments.
COOPERS
The project Co-operative Systems for Intelligent Road Safety (COOPERS) [Bankosegger
et al., 2010] was carried out from 2006 to 2010 within the 6th framework programme of
the European Commission.
COOPERS aimed to fill the gap between C2C Communication and research in the
area of autonomous vehicles. By creating a permanent link between cars and road infras-
tructure, COOPERS addressed overall traﬃc safety and cooperative traﬃc management.
Interestingly, the project used direct communication between vehicles. The infrastruc-
ture communication relied on broadcast systems, infrared and mobile radio (see Section
2.2.1 for a detailed description of these technologies).
On the application level, COOPERS studied 12 traﬃc services [McDonald and Richter,
2008]:
• Accident/Incident/Wrong-Way Driver Warning: provide in-vehicle, dynamic infor-
mation to warn other drivers of an accident/incident.
• Weather Condition Warning: provide in-vehicle, dynamic information to warn
drivers of hazardous conditions ahead caused by adverse weather conditions.
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Figure 2.4.: The vision of the project “Co-operative Systems for Intelligent Road Safety”
(COOPERS). Adapted from [Pfliegl, 2010].
• Roadwork Information: provide in-vehicle, real time information of roadwork to
warn drivers on road conditions ahead caused by the roadwork.
• Lane Utilization Information: provide drivers with in-vehicle and real time infor-
mation on lane control and lane utilization including lane banning, lane keeping
(no passing), and auxiliary lane information (shoulder lane).
• Variable Speed Limit: provide drivers with in-vehicle information on the current
speed limit of the road being traveled on.
• Traﬃc Congestion Warning Secondary services: provide drivers with in-vehicle and
real-time traﬃc congestion information.
• Intelligent Speed Adaption with Infrastructure Link: provide drivers with in-vehicle
and real-time information on the current speed limit of the road they are traveling
on and provide warning if the speed limit is exceeded.
• International Service Handover: the objective of the service is to enable drivers to
access road conditions and traﬃc information for a neighboring country and/or to
find road operators before crossing a border/changing operator areas.
• Road Charging to Influence Demand: the objective of the service is to realize
electronic fee collection which oﬀers the possibility of charging road vehicles in a
more flexible way
• Estimated Journey Time / Recommended Next Link / Map Information Check: to
help drivers to plan their trips based on estimated journey time
While some use cases like road tolling were also researched in CONCERT [Appert
et al., 1998a], COOPERS introduced a number of additional applications based on C2I
communication using cellular networks. Most of these services are considered in the
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Figure 2.5.: COMeSafety overview diagram.
latest field operational tests for Car2X Communication networks, as Chapter 3 will show.
However, the focus is not on cellular networks. Rather, communication technologies are
combined in order to provide the most reliable services.
2.1.2. Linking Activities of Diﬀerent Countries
By the beginning of the 21st century, several activities could be observed that aimed
for harmonization and accelerating market introduction of IT-based technology for road
safety. The most important ones are presented here: the eSafety Forum and its support
actions COMeSafety 1 and 2.
eSaftey Forum
The eSafety forum4 is an initiative of the European Commission starting in 2002. The
initiative emerged from the idea that information and communication technology can
contribute to traﬃc safety and significantly lower road fatalities. The eSafety forum
therefore brings together all involved parties from European industry in order to acceler-
ate development and market introduction. Furthermore, several research projects helped
to advance the technology. In order to guarantee a smooth operation beyond borders of
countries, it was important to embed the initiative on a European level.
Of course, the eSafety forum includes advances for safety-related applications based on
vehicular communication, but it is not limited to those. The systems supported include
both, cooperative and stand-alone systems. An important safety feature that was pushed
by the forum and was already introduced in production vehicles is the popular electronic
stability program (ESP). Other ADAS include lane departure warnings or lane changing
assistance.
4eSafety website: http://ec.europa.eu/information_society/activities/esafety/index_en.htm
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COMeSafety 1 and 2
COMeSafety5 is an explicit support action to the eSafety forum initiated by the European
Commission in 2006. The duration was projected to be 48 months and was followed by
COMeSafety 2 afterwards. Figure 2.5 shows the complexity of COMeSafety and its re-
lation to other projects and organizations. According to the EC, “COMeSafety supports
the eSafety Forum with respect to all issues related to vehicle-to-vehicle communications
as the basis for co-operative intelligent road transport systems”6. Among others, COMe-
Safety supported important cooperative vehicle projects like CVIS [Kompfner, 2010],
SAFESPOT [Ehrlich et al., 2010], PReVENT [Schulze et al., 2008], and COOPERS
[Bankosegger et al., 2010].
COMeSafety coordinates and consolidates research results of the supported projects.
By collaborating with the Car2Car Communication Consortium and the European Telecom-
munications Standards Institute (ETSI), it is also supporting worldwide dissemination,
harmonization and standardization of systems based on vehicular communication. Ac-
tivities such as COMeSafety are particularly important to understand mutual influence
of research projects, stakeholders, and standardization bodies.
2.1.3. Preparing Market Introduction: C2X Field Operational Tests
The Car2X projects presented in the previous section developed research prototypes.
Their goal was to stabilize the underlying network technology as well as to prove the
feasibility of Car2X. It should also be remarked that applications served as a component
in these feasibility studies, but important questions that are connected with them were
not addressed: although a number of diﬀerent use cases were developed and standardized
(see Chapter 3), the eﬀects on drivers, modality choice and timing were not considered
at all. Furthermore, all tests were conducted on closed test sites with no real traﬃc.
Recently, when the first Field Operational Tests (FOTs) were started, more emphasis
was put on these type of questions. By being part of one of these FOTs, the author of
this thesis contributed to a large extent to these human-factor issues that have to be
considered when introducing this technology.
This section presents two of the largest FOTs for Car2X Communication that were carried
out recently. They are considered as a final step before market introduction.
Safe Intelligent Mobility Test Field Germany (simTD)
Parts of this thesis were conducted in the project simTD7 [Assenmacher, 2009]. It was one
of the first and largest FOT for Car2X Communication and was carried out from 2008
– 2013. The project’s testing grounds were in Frankfurt / Main and included three sce-
narios: motorway, rural road and city (see Figure 2.6, left). simTD was a joint project of
5COMeSafety website: http://www.comesafety.org/
6http://ec.europa.eu/information_society/activities/esafety/doc/rtd_projects/fact_sheets_fp6/call_4/comesafety.pdf
7simTD website: http://www.simtd.de
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Figure 2.6.: Left: The entire simTD Test Field Hesse, centered around the Hessian
metropolis Frankfurt am Main, Right: Cars of the simTD test fleet returning
to base after a day in the field. Image source: Oﬃcial simTD press material
available at http://www.simtd.de
leading German vehicle manufacturers, components suppliers, telecommunication com-
panies and research institutions. Additionally, the Car2Car Communication Consortium
(cf. Section 2.1.5) was supporting the project. As a German research initiative, simTD
was funded by the government with around 69 million Euro, and around 31 million Euro
were contributed by the partners. Three federal ministries were involved: Education and
Research, Economics and Technology, and Transport Building and Urban Development.
By consolidating research results of the prototypes developed in earlier projects, simTD
went one step further and evaluated not only the technology but also its impact on traf-
fic and drivers by embedding the FOT in a metropolitan area. Therefore, the goals of
simTD were manifold. From an application point of view, over 20 Car2X-based use cases
in the categories of safety, traﬃc eﬃciency and added-value services were selected in a
well-defined process, documented and evaluated within the scope of simTD. The project
was also a first approach to harmonize these diﬀerent categories in one complete sys-
tem. Furthermore, simTD developed validation metrics for evaluating the results of the
FOT. As another major goal, traﬃc safety should be increased using Car2X Commu-
nication. Furthermore, simTD aimed to define and validate a roll-out scenario for the
selected functions. This is especially important, since car manufacturers are planning to
introduce the technology to the market by 2015 [Car 2 Car Communication Consortium,
2011]. simTD made essential contributions to this goal by evaluating real-life scenarios
in everyday traﬃc situations. To a large extent, the applications were also subject to
standardization processes during the first decade of the 21st century (c.f. Section 2.1.5).
simTD represents the latest development in this field and shows the focus of today’s
Car2X Communication networks also with respect to application areas. Because of their
importance to this thesis, Chapter 3 is dedicated to this topic and will discuss them in
detail.
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The German Research Center for Artificial Intelligence (DFKI) was a project partner
and was responsible for the human-machine interface (HMI) solution. Within this scope,
the presentation component of PADE introduced in Chapter 7 was developed. Due to the
considerable demands in terms of stability and robustness of the FOT to the integrated
components, PADE’s presentation component represents a well-tested and eﬃcient soft-
ware module that received continuous improvements before it was rolled out on all 120
cars of the test fleet. Test drivers experienced the system on a daily basis and their
feedback was integrated into updates. Due to its generic architecture it could be ap-
plied to the applications that were developed in this thesis with almost no modifications.
Therefore, it represents a system which goes beyond the level of research prototypes.
In the context of simTD there is another interesting German research activity. Started
in 2006, the initiative AKTIV8 (Adaptive and Cooperative Technologies for Intelligent
Traﬃc) [AKTIV Consortium, 2006] brought together 28 partners from automobile man-
ufacturers and their suppliers, electronics and telecommunication companies, research
institutes, as well as public road and traﬃc authorities. It is funded with 27 million Euro
by the Federal Ministry of Economy and Technology.
The project addresses three diﬀerent application areas: AKTIV-AS is concerned with
active safety, therefore developing “visionary assistance systems”. An example is given
by the automatic braking system that is designed to prevent rear-end collisions by “active
hazard braking”. AKTIV-VM addresses traﬃc management and developed a cooperative
information system in order to increase eﬃciency on the roads. The third application
area is CoCar (Cooperative Cars). Here, the communication between vehicles and traf-
fic information systems is researched. Ad-hoc and mobile communication were used to
realize a system which provides “up-to-the-minute” information on road conditions to
individual vehicles. As Chapter 3 shows, this is also a use case in simTD. Although
AKTIV was not involved in the ongoing standardization process, its follow-up project
CoCarX9 (Cooperative Cars eXtended) can be defined as an extension to simTD [Kosch
et al., 2012a]. Research done in CoCarX uses a combination of LTE, the next-generation
standard for mobile communication, and wireless ad-hoc networking in order to provide
on-time information for the connected car. However, LTE coverage is still fragmentary
throughout Europe. CoCarX is nonetheless mentioned here because it advances technol-
ogy used in simTD, although the use cases are the same. The focus is on technology and
feasibility studies.
DRIVE C2X
The project DRIVE C2X10 [Stahlmann et al., 2011] was the counterpart to simTD on a
European level from 2011 – 2013. With total costs of 18.8 million Euro and 12.4 mil-
lion Euro requested funding from the European Commission, it was smaller in terms
of project size compared to simTD. The consortium was formed by 31 partners includ-
8http://www.aktiv-online.org
9http://www.aktiv-online.org/english/aktiv-cocar.html
10DRIVE C2X website: http://www.drive-c2x.eu
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Figure 2.7.: The test sites of the DRIVE C2X project throughout Europe.
ing car manufacturers, the electronics and supplier industry, software developers, traﬃc
engineers, research institutes as well as road operators. Among others, the European
Telecommunications Standards Institute (ETSI, see Section 2.1.5) was one of the 15 sup-
port members of the project.
DRIVE C2X was carried out on seven test sites (see Figure 2.7) throughout Europe
in which the benefits of the technology in terms of traﬃc safety and eﬃciency as well
as added-value services were identified. The project also came up with a cost estimate
for introducing cooperative systems to the market in relation to the benefits. According
to the project description, DRIVE C2X provided decision-makers at car manufacturers
with valuable information regarding costs of system implementation in relation to bene-
fits and revenue generated by Car2X Communication. Therefore, DRIVE C2X was more
concerned with socio-economic and business-economic questions in connection with co-
operative systems. Another important aspect mentioned is the cooperation with ETSI,
as standards are also a key factor in this domain.
Only 9 functions were selected for full evaluation in DRIVE C2X on all test sites. As
Chapter 3 will show, a complete overlap exists between the functions tested in DRIVE
C2X and simTD where the latter introduces additional use cases.
At this point, it should be noted that the FOT conducted within DRIVE was prepared
by an earlier project called PRE-DRIVE C2X (preparation for driving implementation
and evaluation of C2X communication technology) [Schulze et al., 2010]. It was carried
out in context of the 7th framework programme funded by the European Commission
from 2008 to 2010. The total cost of the project was 8.4 million Euro (5 million Euro
funding). Together with DRIVE, this European-wide FOT is still smaller than simTD.
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Based on the developed scenarios and applications in COMeSafety, a specification and
prototype of a common European Car2X Communication system should be realized and
necessary tools for conducting a FOT on an European level based on Car2X technology
should be developed. From an application point of view, PRE-DRIVE C2X came up with
a description of 53 use cases. Out these, 23 are safety related, 13 address traﬃc eﬃciency,
and 19 are described as “infotainment, business and deployment use cases”. According to
a previously defined selection method, 16 were chosen for prototypical implementation
(6 safety, 6 traﬃc eﬃciency and 4 infotainment, business and deployment use cases).
However, it is remarked in [Enkelmann et al., 2008] that a use case must be supported
by at least one partner of the consortium in order to implement it. In the context of
PRE-DRIVE C2X, no information on this could be found. However, in DRIVE C2X
only 9 use cases were selected for full implementation and assessment within the project,
e.g. on all test sites of the project (cf. Chapter 3).
2.1.4. Recent Developments
UR:BAN
Started in 2012 and continuing until 2015, the German research project UR:BAN11 de-
velops ADAS and traﬃc management systems for complex city environments. In contrast
to simTD and DRIVE, pedestrians and vulnerable road users such as bicyclists are also
considered. However, they are not equipped with Car2X technology. Cars use internal
sensors for detecting VRUs. In the context of additional Push applications in Chapter
6, VRUs are also integrated into the Car2X community.
The project shows that recent developments in the research area of cooperative systems
are more focused on the users rather than on technical questions only. This becomes
clear when looking at the three sub projects of UR:BAN: cognitive assistance, networked
traﬃc system, and human factors. Within cognitive assistance, safety of complex city
scenarios is improved. The sub project models vehicle surroundings in order to protect
vulnerable road users, develops accidence avoiding maneuvers, and oﬀers lateral and
longitudinal vehicle control support. However, all application areas in this first sub
project do not involve Car2X Communication. This is considered in the second sub
project, networked traﬃc system, that develops methods for improving traﬃc eﬃciency
and lowering emissions in city environments. The vision of the project is to deploy
intelligent infrastructure and to connect it to intelligent vehicles which also takes into
account “drive trains”. Required information about the environment, e.g. traﬃc forecasts,
is acquired using C2I communication. The sub project human factors in traﬃc targets
drivers of future ADAS and IVIS. UR:BAN aims to develop an “individualized design”
in order to reduce stress and to achieve safe and eﬃcient driving in the city. Therefore,
UR:BAN is continuing the work on human factors in the context of automotive HMIs
for ADAS and IVIS that started in simTD.
11http://www.urban-online.org/
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CONVERGE
Converge12 (COmmunication Network VEhicle Road Global Extension) is a German re-
search project that started in 2012 and continues until 2015. The project considers the
Car2X systems network as a whole and converges its partners and their roles into one
communication-, services- and organization architecture. This is especially important for
future cooperative systems since vendor-independent communication is not only essential
for direct communication between vehicles but also when traﬃc authorities are involved.
CONVERGE provides a common service architecture that is open to vehicle manufactur-
ers, traﬃc centers, and mobile communications providers. In practice, this architecture
allows cars to communicate over diﬀerent cellular networks using the same architecture.
Technically, the project adapts message formats that are exchanged between cars to the
requirements of cellular networks. Finally, a “virtual marketplace” oﬀers Car2X services
to drivers, vehicle manufacturers, and traﬃc centers. The concept of this virtual mar-
ketplace is particularly interesting for this thesis since new applications can be deployed
faster without complex standardization procedures. The use cases proposed in Chapter
6 would benefit from such a harmonized architecture of a Car2X Systems Network.
DFKI is also involved in CONVERGE and continues the work that was done in simTD.
The presentation module of PADE (cf. Chapter 7) serves as a basis and is further
developed and adapted to the project.
2.1.5. Standards and Standardization
ADAS recently introduced in cars on the market like the Automatic Cruise Control
(ACC), solely rely on active sensors in the vehicle that are used to determine the situation
of the outside environment. No complementary sensors of other cars are needed for
proper function. In the Car2X domain, however, other vehicles also need to be equipped
with communication technology and use common protocols in order to realize vendor-
independent functionality. Data exchange at high velocities in an ad-hoc manner requires
dedicated protocols and hardware. This is a major reason why standardization processes
are considered as a mandatory part of this field of research. Not only were technical
standards issued since the beginning of this century, but also a common set of applications
and architectures have been defined. However, standardization processes are still ongoing
and are far from being completed. This section presents the organizations that are
mainly responsible for pushing forward common standards that ensure interoperability in
heterogeneous C2X communication networks. Furthermore, the most relevant standards
that are currently established or under development are presented.
Standardization Institutes in the Context of Car2X Communication
European Telecommunications Standards Institute (ETSI) According to their own
description, ETSI13 “produces globally-applicable standards for Information and Com-
12http://www.converge-online.de/
13ETSI website: http://www.etsi.org
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munications Technologies (ICT), including fixed, mobile, radio, converged, broadcast
and internet technologies”. The organization is listed as non-profit and recognized by
the European Union as a standardization institute. ETSI brings together 700 member
organizations from 62 countries around the world. Standards can be accessed free of
charge. As in most organizations of this type, work is carried out in committees. Each
committee forms one or more working groups that consist of technical experts from mem-
ber organizations. They maintain a work program which leads to one of the deliverables
of the types European Standard (EN), ETSI Standard (ES), ETSI Guide (EG), Special
Report (SR), ETSI Technical Specification (TS), ETSI Technical Report (TR) or ETSI
Group Specification (GS)14.
The ETSI Technical Committee on Intelligent Transportation Systems (TC ITS) is re-
sponsible for developing communication standards for the Car2X domain and is divided
into five working groups:
• WG1 develops “ETSI deliverables on the application requirements and services”. In
particular, this working group came up with a “Basic Set of Applications” (BSA)
based on C2C and C2I communication. These are especially important for this
thesis and will be presented in detail in Chapter 3.
• WG2 “shall develop the overall architecture and address cross (OSI) layer issues”.
The reference architecture will be presented in the next section.
• WG3 is concerned with information transfer in the Car2X domain. Communica-
tion in an ad-hoc manner is especially interesting for this thesis. Therefore, Section
2.2.2 provides a wider view on this topic, not limited to ETSI standards.
• WG4 is concerned with low-level questions like frequency allocations.
• WG5 elaborates on security issues related to Car2X communication.
It is noted that ETSI TC ITS is meant to establish partnerships with other standard-
ization institutes that address similar topics.
Car2Car Communication Consortium (C2C CC) The Car 2 Car Communication Con-
sortium15 is a non-profit institution equipped and supported by major European car
companies, equipment suppliers and research institutes. 12 vehicle manufacturers, 22
associate members and 28 development members are part of this network. The activi-
ties of the C2C CC are focused on the contribution of C2C- and C2I-based technologies
and applications. Therefore, they explicitly support ETSI TC ITS. The C2C CC also
describes worldwide activities, i.e. harmonization of activities in the United States of
America and Japan where notable eﬀort is also put into establishing standards in the
Car2X domain. One of the main goals is to establish the technology on the market by
14ETSI deliverable types: http://www.etsi.org/standards/standards-creation-process/etsi-deliverable-
types
15Car2Car Communication Consortium website: http://www.car-to-car.org
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supporting major car manufacturers. Most of the C2C CC documents are not available
to the public, but they provide a “Manifesto” which describes architectures and scenarios
in the domain. Both will be presented within this chapter, their architecture in the next
section, and use cases and scenarios in Chapter 3.
Institute of Electrical and Electronics Engineers (IEEE) A more general institution
active on a global level is IEEE16. According to their own description, “IEEE is the
world’s largest professional association dedicated to advancing technological innovation
and excellence for the benefit of humanity”. IEEE currently has over 400,000 members
in more than 160 countries. Within IEEE, the “IEEE Standards Association (IEEE-SA)
is a leading consensus building organization that nurtures, develops and advances global
technologies, through IEEE”.
IEEE developed a number of global communication standards and is mainly mentioned
here because of the fact that IEEE 802.11 has become an integral part of wireless net-
working. This standard has a number of derivates which are named by letters a,b,g or
p. Consumer devices use, for example, 802.11 b/g/n for wireless communication. With
802.11a and especially the amendment 802.11p, tailored to wireless vehicular ad-hoc net-
working, IEEE is indispensable to the success of vehicular ad-hoc networking. These
standards will be described in Section 2.2.1.
International Organization for Standardization (ISO) Like IEEE, ISO is working on a
global level but, in contrast their standards are not limited to technology but also include
business and processes. ISO is a network of national standards bodies and currently
counts 164 members in countries all over the world. In contrast to IEEE, most ISO
institutes are either under the control of the government or a governmental institution
in their respective country. Most ISO standards are not freely available but rather have
to be bought from their website.
Technical committee TC 204 is responsible for standardization of all aspects in the ITS
domain. Its WG 16 is working on wide-area communications/protocols and interfaces.
Here, 8 sub-working groups are developing diﬀerent aspects of “Communications Access
for Land Mobiles” (CALM17) in the C2C, C2I and C2Internet domain. They work in close
collaboration with ETSI, and therefore the architectures presented in the next section
can be transferred to the ones developed by ISO CALM.
World Wide Web Consortium (W3C) The W3C18 is developing protocols and guide-
lines for the World Wide Web. Well-known standards issued by the W3C are for example
HTML, XML, OWL, or SVG. The work of the consortium is guided by two design prin-
ciples: web for all, e.g. results from the W3C should be available to anyone regardless
of “hardware, software, network infrastructure, native language, culture, geographical
location, or physical or mental ability”19 and web on everything, e.g. mobile phones,
16IEEE website: http://www.ieee.org
17ISO CALM website: http://calm.its-standards.info/
18http://www.w3.org/
19http://www.w3.org/Consortium/mission.html
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Figure 2.8.: Communication paradigm within the Open Systems Interconnection (OSI)
model [ISO/IEC, 1994].
interactive television systems, or kiosks. Therefore, the work of the W3C is global and
cultural independent.
The W3C is mentioned here because results of a workshop on “Web and Automotive”
led to the launch of the Automotive and Web Platform Business Group. Since the Web
became mobile during the last years, the W3C puts eﬀorts in transferring this process
also to the connected car. The focus of this business group is to determine and to expose
vehicle data using Web API(s)20. This process is particularly relevant for this thesis.
Applications of the Pull Paradigm would benefit from such an open vehicle API since
access to this kind of data is currently restricted.
Standardized Architectures
Numerous activities in the first decade of the 21st century have been aimed at standard-
ization of C2X technology and architectures. This section presents the most relevant
architectures for this thesis and describes similarities and diﬀerences. While it provides
an overview of complete C2X network architectures, it focuses especially on network
stacks used in vehicles for communicating with the environment.
The OSI model In the following a short introduction into the Open Systems Intercon-
nection (OSI) model is given. Detailed information on this topic can be found in state-
of-the-art literature [ISO/IEC, 1994], [Day and Zimmermann, 1983]. However, since
the presented standardized C2X architectures are based on this model, it is introduced
20http://www.w3.org/2012/08/web-and-automotive/Overview.html
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Figure 2.9.: The seven abstraction layers of the OSI model [ISO/IEC, 1994].
here in order to give the reader a comprehensive and complete understanding of the topic.
The OSI model describes a standardized architecture of a communication system by
introducing the concept of seven abstraction layers. Each layer groups similar function-
alities and communicates with the layers immediately above and below it. Usually, the
lowest layer (1) is close to the physical communication medium of the system while the
highest layer (7) serves and hosts applications. Often, this layer model is referred to as
“stack” because in order to send data from the application to another entity within the
network, a packet has to traverse all layers from seven to one on the sender side and
from one to seven on the receiver side. This is modeled as follows: the Service Data
Unit (SDU) of layer n-1 is passed to layer n, on which the data is then encapsulated
with the layer’s Protocol Control Information (PCI), e.g. header and footer are added.
This process transforms the SDU into a Packet Data Unit (PDU) of layer n. A SDU
eﬀectively represents the payload of layer n-1. Upon reaching layer 1, the packet is sent
over the communication medium. The process of receiving a packet works in the oppo-
site direction: layer n+1 removes its specific headers and footers, processes the data and
forwards the SDU (eﬀectively a PDU of layer n) to the layer above. Figure 2.9 shows the
seven layers of the OSI model.
Layer 7 – Application Layer 7 is at the top of the OSI reference model and provides
no services to other layers. Here, applications and their protocols like http, ftp or tel-
net reside. The layer allows applications to access the OSI in a well-defined manner,
transparent to the respective transport, network and physical characteristics of the com-
munication technology.
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Layer 6: Presentation The presentation layer provides ready-to-use access to diﬀerent
data representation formats for the application layer. The idea is to relieve layer 7 from
dealing with details of numerous syntax forms, e.g. it unpacks data and converts it to a
format, that is commonly understood on application level. A concrete example would be
converting between diﬀerent character encodings. Usually, encryption and decryption are
also done on this level. The presentation layer still treats data in a structured way. All
layers below split data into packets and do not possess an understanding of the content.
Layer 5: Session The session layer provides mechanism for communication between two
entities within a network. An application process may talk to several other entities at the
same time. Layer 5 ensures that the correct entities are able to start, stop and maintain
their communication session with each other while others are running simultaneously.
An example would be a chat session: Layer 5 ensures that the messages are not confused
between diﬀerent sessions.
Layer 4: Transport Layer 4 is responsible for ensuring correct data transfer between
two nodes in a communication network. It also provides functionality for data integrity,
flow control, multiplexing and possibly addressing of nodes. The standard reads, that
the transport layer relieves “the upper layers from any concern with providing reliable
and cost-eﬀective data transfer”. A popular example is the Transfer Control Protocol
(TCP) which detects defective and dropped packets and ensures their re-sending. Layer
4 constitutes the basis for routing protocols, which are present on layer 3.
Layer 3 – Network The network layer is responsible for transferring data packets from
a sender to a receiver, where in most cases more than zero nodes are between the two
communicating entities. This packet forwarding mechanism is called routing and is usu-
ally done between concatenated networks. It abstracts from the physical communication
medium. Layer 3 also provides host addressing and ensures quality of service according
to the parameters requested by layer 3. The popular Internet Protocol (IP) resides at
this layer and uses a connectionless communication, e.g. the sender does not acknowledge
receipt of a packet. This is done on layer 4 if needed.
In wired networks, routing tables are maintained in order to determine the next hop in
each node. This maintenance obviously produces a communication overhead. In wireless
networks, where bandwidth is a limited resource, this overhead has to be kept at a mini-
mum, e.g. determining a route before the packet is sent, as is done in wired networks, is
not feasible. Also, in vehicular ad-hoc networks, the routing task becomes significantly
more challenging, since only the topology formed by the cars in transmission range is
known. These restrictions lead to the fact that routing is of utmost importance for ap-
plications in the context of the Pull Paradigm. Information needs to be transferred in
a stable and reliable way between two nodes in a highly mobile environment. Section
2.2.2 therefore analyzes existing approaches for vehicular ad-hoc networks while Chapter
5 presents advanced algorithms to cope with these challenges.
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Layer 2: Data Link The data link layer provides strategies for accessing the physical
communication medium, detecting and possibly correcting errors occurring in the physi-
cal layer. In wired as well as in wireless networks, only one node is allowed to access the
medium at a time. This makes coordination between the nodes necessary. However, it
is still possible that two communicating entities access the medium in parallel. Dealing
with these collisions is crucial for layer 2. For wireless networks, state-of-the-art algo-
rithms are available; especially in 802.11 the popular Carrier Sense Multiple Access with
Collision Avoidance (CSMA/CA) algorithm is used [Gast, 2005].
Layer 1: Physical This layer provides the physical means for accessing the commu-
nication medium, e.g. electrical, optical, etc. Procedures for establishing and stopping
(physical) transmission of signals are also handled. Layer one operates on single bits and
manipulates the signal accordingly in order to transmit the bitstream over the commu-
nication medium.
Reference Architecture of the C2C CC The members of the Car2Car Communication
Consortium (C2C CC) describe in their manifesto [Baldessari et al., 2007] a reference
architecture for C2X networks as depicted in Figure 2.10. It distinguishes between three
diﬀerent domains: in-vehicle, ad-hoc and infrastructure domain. The in-vehicle domain
refers to two logical components, the application unit (AU) and the on-board unit (OBU).
The on-board unit is responsible for managing C2C and C2I communications and pro-
viding these services to applications in a well-defined manner. In the in-vehicle domain,
OBUs form a mobile ad-hoc network (MANET) which is characterized by direct commu-
nication of OBUs without a coordinating infrastructure. On the communication level,
an OBU fulfills low-level tasks like forwarding data on behalf of other OBUs, conges-
tion control, ad-hoc routing, and so on. According to C2C CC, an OBU should at least
be equipped with one short-range wireless communication technology. They explicitly
mention 802.11p in this context. Other technologies like consumer WLAN are described
as optional. Interestingly, they mention ad-hoc communication using 802.11p only in
conjunction with safety-related applications. This concept is also reflected by the com-
munication architecture of an AU. This second component of the in-vehicle domain hosts
all applications which can access the communication services of an OBU. Typically real-
ized as a dedicated device, it is connected by a wired network with an OBU. Furthermore,
nomadic devices can also serve as an AU, e.g. smartphones. Connection to the OBU is
then dynamically established via Bluetooth, WLAN or even wired network. It should be
pointed out that the concept of AU and OBU is logical, which means that both can even
reside in the same physical device.
The ad-hoc domain is formed by vehicles carrying an OBU and roadside units (RSUs).
In contrast to an AU, the location of an RSU is fixed. It is also equipped with at
least one short-range communication technology (802.11p). The C2C CC sees the pri-
mary task of an RSU as being in the domain of safety-related applications. As it can
be seen in Figure 2.10, an RSU is also connected to other networks and can provide
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Figure 2.10.: Car2X Reference Architecture as standardized by the Car2Car Communi-
cation Consortium. Adapted from [Baldessari et al., 2007].
these services to vehicles. Other functionalities are given by the C2C CC: An RSU is
to extend the range of the ad-hoc network by forwarding messages to other OBUs and
distributing information to traﬃc management centers. It can run safety-related applica-
tions and use C2I communication in order to notify drivers about critical road situations
and communicate with other OBUs either using ad-hoc or infrastructure communication.
Public authorities and operators of public/private hotspots form the infrastructure
domain. The C2C CC describes mainly non-safety applications in this domain. For ex-
ample, applications can use mobile radio, RSUs or hotspots to communicate with these
entities.
The reference architecture of the C2C CC describes two communication principles.
First, it should provide spatial and timely dissemination of information within the ad-
hoc network. Second, it should make it possible for mobile nodes to communicate with
wired networks. The C2C CC points out that information dissemination is primarily
used for safety-related applications, but is not limited to these. However, they provide
no further information on other applications of the first communication principle.
In an ad-hoc network, they distinguish between receiver-centric and sender-centric in-
formation dissemination. Common communication principles are in most cases sender-
centric, which means it is the sender’s decision to determine the target of a message.
In terms of vehicular ad-hoc networks, the sender communicates a geographical area for
which the information is valid. A receiving node then checks it against its own position
and either forwards the message to the target area or broadcasts it within this area.
When working according to the receiver-centric principle, the receiver determines if the
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Car2Car Communication Consortium [Baldessari et al., 2007].
message should be further broadcast by merging the received information with its own
state.
Particularly interesting for this thesis is the detailed structure of an OBU, as it helps to
understand how communication for applications is structured within their architecture.
It is shown in Figure 2.11. The layer scheme is derived from the well known OSI model
as described in detail in [ISO/IEC, 1994]. On the physical layer, three diﬀerent com-
munication schemes are to be provided: consumer WLAN, 802.11p and other cell-based
radio, e.g. UMTS or LTE. C2C CC explicitly mentions the importance of 802.11p for
active safety applications (cf. Chapter 3).
The MAC layer is not finally approved at the point this thesis was submitted. How-
ever, the basis is IEEE 802.11 MAC with some simplifications and enhancements. These
enhancements, for example, include estimation about the current channel load and strate-
gies to prevent medium congestion. All this information is also provided to the upper
layers. Simplifications are that authentication, de-authentication and privacy are omit-
ted in the C2C CC specification. However, the standard MAC algorithm of 802.11 is
used.
In the standardized architecture of the C2C CC, the network layer is responsible for
disseminating information in the vehicular ad-hoc network. It defines three diﬀerent data
delivery schemes:
• Geographical broadcast : Information is only valid within a certain geographical area
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which is specified in the packet itself. The broadcast algorithm tries to keep infor-
mation within this area even when vehicles are entering and leaving very quickly.
If the vehicle sending this information is not within the area of validity, the algo-
rithm tries to deliver it to its target first and then floods the network in order to
disseminate it.
• Event driven single hop broadcast : a data packet is disseminated to all OBUs and
RSUs within transmission range of the sending vehicle.
• Beacon packets are a special case of event-driven single-hop broadcasts and are
periodically sent by an OBU to the neighborhood. Typically, these packets contain
additional application data like the speed and direction of the sending vehicle.
A very vague hint is given regarding unicast communication within the network layer.
The C2C CC manifesto describes the possibility to exploit vehicles’ movements and po-
sitions in order to realize a multi-hop unicast communication and therefore deal with the
fast topology changes within the ad-hoc network. However, their manifesto is intended
to give a high-level overview rather than specifying algorithms for information dissemi-
nation in vehicular ad-hoc networks.
Also in the definition of the transport layer, the C2C CC manifesto briefly describes
the concept of unicast-based connection-oriented communication over the ad-hoc net-
work in connection with requirements for safety applications. However, here again no
description of actual implementations of this concept is given. The transportation layer
is mainly responsible for providing services like multiplexing and de-multiplexing and
combining data from diﬀerent applications. The C2C CC manifesto only mentions safety
applications as clients for these services.
The C2C CC application layer of an OBU as specified in Figure 2.11 provides common
services to applications, namely the maintenance of the local database, sending and
receiving procedures, message processing as well as access to local sensor data of the
vehicle. Typically, well-defined access to the CAN-bus messages is provided.
The concept of an Information Connector provides cross-layer communication between
the diﬀerent layers in an “eﬃcient and well-structured manner”. Here too, no further de-
tails are given how this well-structured manner is achieved. It should be noted, that the
C2C CC architecture of an OBU does not specify a security concept.
Looking closer at the architecture concept in Figure 2.11 reveals that every application
can send packets using either consumer WLAN (IEEE 802.11 a,b,g) or the mobile radio
connection. However, it is not intended that infotainment applications use C2C trans-
port, C2C network and 802.11p in order to communicate with other vehicles directly.
This is an important point in connection to this thesis: According to the C2C CC, it
is not possible for infotainment applications to access the vehicular ad-hoc network in
order to provide services. Furthermore, active safety or traﬃc eﬃciency applications can
use several wireless communication technologies in parallel. This might, for example, be
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Figure 2.12.: ETSI ITS station architecture. Adapted from [European Telecommunica-
tions Standards Institute (ETSI), 2010a].
interesting for notifying other vehicles of a dangerous road situation using 802.11p while
sending this information to traﬃc management centers using the mobile radio connection.
ETSI EN 302 665 ETSI documented in their European standard EN 302 665 [European
Telecommunications Standards Institute (ETSI), 2010a] the communications architecture
of a C2X system. Compared to the architecture of C2C CC, it is kept more abstract.
However, a large number of research projects comply with their ITS station reference
architecture which is depicted in Figure 2.12. Its layer structure is derived from the OSI
model [ISO/IEC, 1994] but was extended in several ways for ITS applications. Taking
a closer look at Figure 2.12, it becomes clear that functionalities of the OSI layer model
have been combined into the three blocks in the middle:
• Facilities contain functionality from OSI layers 5 (session) and 6 (presentation)
• Networking and transport contain functionality from OSI layers 3 (network) and 4
(transportation)
• Access contains functionality from OSI layers 1 (physical) and 2 (data link)
The application layer on top represents OSI layer 7. Information flow between two
layers/components is symbolized with bidirectional arrows. Connections’ names in ovals
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are just the first letters of the two involved components, e.g. MA means information
exchange between management component and application layer. Similar to the ar-
chitecture of an OBU of the C2C CC, a management entity is present for cross-layer
communication. ETSI also considers a security module which is available to all layers.
Each entity participating in a C2X network contains an implementation of the ITS ref-
erence architecture (and/or parts of it) and possibly other functionalities specific to the
communication entity. Within this scope, ETSI distinguishes four sub-systems as follows:
• Personal ITS sub-system
• Vehicle ITS sub-system
• Central ITS sub-system
• Roadside ITS sub-system
These four sub-systems are symbolized in Figure 2.13 and are connected to the C2X
community using ITS peer-to-peer communications. ETSI EN 302 665 provides no details
on the physical communication technologies used. A personal ITS sub-system contains a
complete implementation of the ITS station reference architecture and oﬀers communi-
cation services within a hand-held device. This could be a smartphone, tablet or even a
laptop. Furthermore, it can serve as HMI. The ITS station connects to the HMI via the
internal network. Note that in this sub-system the ITS reference architecture is imple-
mented in a single device.
Compared to the personal ITS sub-system, the composition of a vehicle ITS sub-system
is diﬀerent. It contains a unit for communication (ITS stations router) which implements
layers access and networking & transport. The ITS station host serves as a runtime en-
vironment for applications and implements layers facilities, networking & transport and
access. Besides that, the vehicle ITS station gateway connects the ITS station to the
car’s internal network. This architecture can be easily mapped to an AU and OBU of
the C2C CC. Here, the OBU also contains functionalities to connect to the car’s network.
The Central ITS sub-system also contains an ITS station host comprising all elements
of the reference architecture. An additional gateway connects the sub-system to the
other systems on the facility layer. A third component, the border router, connects to
entities outside the scope of the central ITS sub-system on the network & transport layer.
ETSI points out that this approach may avoid the ITS security layer. Besides that, the
functionality is similar to the ITS gateway. However, no indication as to the reasons
for circumventing security is given in the document. One reason might be that the ITS
gateway connects to related ITS applications, and is therefore bound to the security
model, while the border router communicates with non-ITS entities.
The fourth component in ETSI’s model contains the most complex combination of
their ITS reference architecture. In the ITS roadside sub-system a mandatory ITS sta-
tion host is present. An ITS gateway provides the functionality to connect the roadside
33
2. Foundations of Car2X Communication
ITS peer-to-peer
communications
Roadside ITS station
Vehicle ITS-S 
gateway
ITS-S 
host
sensor
ITS-S 
router
ITS station-internal network
Vehicle ITS station
Proprietary
in-vehicle network
Vehicle ITS sub-system
Personal ITS sub-system
Personal 
ITS station
Central ITS station
ITS-S 
host
ITS-S  border 
router
Central ITS-S 
gateway
Central System
Central ITS sub-system
Roadside ITS-S 
gateway
ITS-S 
host
ITS-S 
router
ITS-S  border 
router
ITS station-internal networkProprietary
roadside
network
Figure 2.13.: ETSI ITS sub-systems (adapted from [European Telecommunications Stan-
dards Institute (ETSI), 2010a]).
system, e.g. inductive loops or variable message signs (VMS). An additional ITS station
router is used for communication between the sub-system and roadside units. Another
border router provides access to other entities, again with possible avoidance of the se-
curity layer. All components are connected by the station’s internal network.
Up to this point, the architecture of ETSI introduced four functional components which
are all derived from their general ITS station reference architecture. An ITS station host
is a complete implementation of this reference architecture and contains all applications.
It is comparable to the application unit of the C2C CC. An ITS station gateway features
functionality up to the facility layer and connects other OSI protocol stacks at layer five
to seven. In the sub-systems presented, this component is used to communicate with
proprietary networks like the vehicle bus. However, this is not mandatory for complying
with the standard. An ITS station router and border router provide similar functionality.
They connect other entities of the C2X network at OSI layer 3 and are also associated
with the ITS station’s internal network in order to speak to other functional components.
However, the ITS station border router might not follow the security and management
principles of ITS, probably to communicate with non-ITS entities.
AutoNet Architecture [Kosch et al., 2012b] describe a generic reference architecture
for C2X networks. In their terminology they call this architecture “AutoNets”. Similar to
the other two presented architectures, they distinguish several domains within a Car2X
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Figure 2.14.: Left: AutoNet architecture, right: AutoNet domain view. Picture adapted
from [Kosch et al., 2012b].
network and also show how their domain model can be mapped to others. Figure 2.14,
right shows the domains “AutoNet mobile”, “AutoNet infrastructure” and “Generic”.
Within the mobile domain [Kosch et al., 2012b] distinguish between the vehicle and the
mobile device domain. The first subsumes all vehicles like cars, trucks or motorcycles
while the latter includes nomadic devices like portable navigation systems, smartphones,
etc. The infrastructure domain provides AutoNet specific technology in order to commu-
nicate with the mobile domain. The roadside infrastructure sub-domain comprises sta-
tionary communication devices within the field, like roadside units or C2X-enhanced traf-
fic lights and signs. The central infrastructure sub-domain provides centrally-managed
services and applications. In an implementation, this would be traﬃc management and
vehicle management centers.
The third, “Generic” domain describes services and applications which do not depend on
C2X-specific communication technology. The two sub-domains describe communication
with entities using common internet technologies and access to private networks, like
service networks of a specific OEM. The authors describe their architecture as being in-
spired by ETSI, which becomes clear when looking at the described domains. However,
Kosch et al. point out that in contrast to ETSI they distinguish two diﬀerent types of
entities within the central infrastructure domain. Infrastructure and vehicle management
are two diﬀerent tasks. This fact is not considered in the Central ITS Station.
The similarity to ETSI [European Telecommunications Standards Institute (ETSI),
2010a] becomes even more clear when looking at the “AutoNet Generic Reference Pro-
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tocol Stack”, which is presented in Figure 2.14, left. They adopt to a substantial extent
the layer model with cross-layers for management and security. The layer architecture
follows the OSI model presented in Figure 2.8 but, similar to ETSI, combines several
layers into one.
The application layer holds all applications. It should be noted at this point that
Kosch et al. introduce a diﬀerent classification of applications. This is addressed in
Chapter 3. The application support layer provides the session management in com-
pliance to the OSI session layer. Service support serves applications for awareness of
service announcements from other nodes in the network. Information support provides
applications with means for assessing the status of the network. The transport layer is
described according to OSI as providing end-to-end communication between nodes but
tailored to the needs of vehicular networks. The networking layer is also compliant
with OSI but features more than one transport protocol. The architecture comprises
several communication technologies on the physical layer.
Up to this point, several generic architectures for Car2X networks have been presented.
Besides individual details, it can be concluded that all comply with the 7-layer OSI model
presented in this chapter. However, all presented architectures subsume several layers of
OSI into one, e.g. the application support layer of Kosch et al. comprises session and
presentation layers of OSI. Also, all architectures combine more than one communication
technology in their layer model. It should also be noted here that the presented archi-
tectures describe concepts, not implementations. The definition and standardization of
these concepts can be seen as the continuous eﬀort to harmonize individual activities
carried out in several independent research projects.
The next section provides an analysis of wireless communication technologies. The com-
plete Car2X network stack which was introduced by the architectures above is discussed
in detail.
2.2. Car2X Networking: Technology and Simulation
Environments
2.2.1. Wireless Communication Technologies
This section introduces available wireless communication technologies commonly applied
to the C2X domain. The focus is on a high-level description as well as insights on
advantages and disadvantages with respect to application scenarios within the Push
and Pull Paradigms. A more technical description can be found in the state-of-the-art
literature. Within the C2X domain, wireless communication technologies provide the
basis for a wide range of use cases (cf. 3). Established distinction criteria are long- and
short-range communication. Furthermore, broadcast services are currently available.
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Figure 2.15.: Overview and assessment of available wireless communication technologies
with respect to the Pull Paradigm. Note, that the table gives no exact
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Mobile Radio Communication
Mobile radio communication takes an important position in vehicular ad-hoc networks.
This communication technology enables long-range and robust data communication, typ-
ically providing internet access to cars.
A breakthrough for mobile phones was reached in the 1990s when analog services
were replaced by the fully-digital GSM21. This second generation (2G) of cellular mo-
bile telephony is the most widespread standard for mobile telephony and data services
today. Initially only providing phone and short message service, GSM was augmented
by GPRS22 and EDGE23 in order to provide packet-oriented communication. Today,
the third generation (3G) UMTS24 is available at least in densely populated areas and
enables download rates up to 384 kbit/s. 2G has reached almost area-wide coverage even
in rural areas. All presented standards constitute one of the building blocks of Car2X
Communication.
21Global System for Mobile Communications
22General Packet Radio Service
23Enhanced Data Rates for GSM Evolution
24Universal Mobile Telecommunications System
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For long-range communication in the automotive domain, the state of the art is the
latest standard for cellular communications, “Long Term Evolution” (LTE) or the 4th
generation of mobile networks. Although not yet widespread, LTE theoretically provides
download rates up to 300 Megabits per second and lower latency times in comparison
to UMTS. Cutting-edge Car2X research is currently connecting this service in order to
provide location-based and added-value services to the driver. Applications in focus are
finding parking spaces, community events, weather, and traﬃc information. Information
is typically updated in periodic intervals using a point-to-point communication between
the vehicle and the individual data providers. However, it is not common to download
information on demand or to stream content, let alone to have real-time capability. It is
expected that this will be supported by the 5th generation of mobile radio communica-
tion (5G) beyond 2020.
The very nature of today’s cellular systems decreases bandwidth with an increasing
number of participants associated with the same access point: All members of a cell share
the available bandwidth. Furthermore, compared to C2C ad-hoc communication, direct
information exchange between two nodes (cars) is not feasible: Packets are always routed
via the access point involved. This causes an increase of latency as time for handshaking
and routing has to be taken into account. Thus, latency is significantly higher compared
to ad-hoc network communication introduced in the next section.
Wireless Local Area Networks
Wireless Local Area Networks (WLANs) have become widely accepted today in home
and business environments for connecting computers and laptops to the Internet. They
provide high-speed data transfers, typically with comparatively low latency times. This
short-range communication technology is based on IEEE standard 802.11 and, similar
to mobile radio communications, uses the concept of cells: An access point is utilized as
a central hub for information exchange between the nodes and remote networks. These
cells are typically smaller than they are for mobile radio communication (<100 meters)
but latency also is usually lower. Because of the cell architecture, the same restrictions
as for mobile phone networks apply. Latency increases and transfer speed decreases with
increasing number of nodes. Since coverage of access points is fragmentary or almost
non-existent outside cities, and cell size relatively small compared to mobile radio, an
application to vehicular environments is not feasible and was therefore not considered in
the past. However, there exists a so-called “ad-hoc mode” for all IEEE 802.11 deriva-
tives. In contrast to the described “infrastructure mode”, it allows data exchange between
two nodes directly in a self-organized manner without a detour through an access point.
Thus, ad-hoc mode does not need an area-wide coverage of infrastructure in the form
of access points. This made IEEE 802.11 a promising communication technology for a
series of scenarios in C2X research.
However, these obvious benefits are accompanied by the fact that the ad-hoc mode of
widespread 802.11 derivates for home networks is not optimized for highly mobile nodes.
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802.11 b/g and others feature comparatively-high latency times until a communication
channel is established. Furthermore, the retention period on a channel is limited by the
number of active sending parties. A node is only able to access the medium when no
other participant is sending. In order to overcome these limitations, a working group
was founded by IEEE. A new derivate to the 802.11 set of standards was developed:
IEEE 802.11p. It specifies physical and medium access control layers (MAC) with a min-
imum overhead for establishing communication channels. So far, 802.11p has not been
finally approved by IEEE and is oﬃcially a “draft” standard. Because of its character-
istics specifically tailored to the needs of vehicular ad-hoc communication, it is believed
to be the most promising technology for a series of scenarios in C2X research where
near-real-time capabilities are crucial. It provides the basis for warning drivers about
obstacles on the road, traﬃc jams ahead, and broken-down vehicles. Furthermore, ad-
hoc infrastructure-to-vehicle communication is used to provide traﬃc eﬃciency services,
like green light optimal speed advisories. A more detailed discussion on these scenarios
follows in Chapter 3.
In contrast to consumer WLAN 802.11 b/g working on the 2.4 GHz frequency band,
802.11p operates between 5.850 and 5.925 GHz. Channels are 10 MHz wide. This also
represents a diﬀerence from consumer WLAN where 20 MHz channels are established.
802.11p emanated from the activities of workgroup 802.11a. Both standards are very sim-
ilar to each other. The main diﬀerences are frequency allocations of 5.180 to 5.825 GHz
(11a) vs. 5.850 to 5.925 GHz (11p), and channel width (20 MHz for 11a vs. 10 MHz 11p).
Because of its technical characteristics described in this section, 802.11p is another
suitable communication technology for Pull applications. However, the lack of organizing
infrastructure makes it diﬃcult to establish information exchange between two nodes
that are not in each other’s transmission range. Routing data packets between these
two entities might also be impossible due to low traﬃc density. Stable and low latency
communication between multiple cars is a key requirement for applications within the
Pull Paradigm. Therefore, this problem is addressed in more detail in Chapter 5 where
beyond state-of-the-art algorithms for information flow in C2X networks are elaborated.
It should also be noted that even though 802.11p provides near-real-time capabilities and
low latency, applications that require on-demand access to information are not considered.
WiMAX
WiMAX (Worldwide Interoperability for Microwave Access) is an IEEE standard (802.16)
and is operating at comparably high frequency bands, 10 to 66 GHz and 2 to 11 GHz for
802.16a. Up to 1 Gbit/s can be transferred using WiMAX. The intended application fields
of this wireless communication technology is to provide high-speed Internet access in areas
where wired technologies, for example, DSL are not available. The high transfer rates and
cost-eﬃcient availability makes it also interesting for an application to the car. A study
by [Msadaa et al., 2010] compares IEEE 802.11p and 802.16e in a simulated environment.
In a nutshell, WiMAX oﬀers higher data rates and very low delays. However, 802.11p
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provides very short latency times and is more suited for low traﬃc loads. Depending on
the application, this wireless communication technology might be interesting for the Pull
Paradigm. It is particularly useful for communicating with the outside environment.
Broadcasting
Broadcast technologies have been around for a long period of time. Analog techniques
for broadcasting radio programs (AM25, FM)26 are still in use today. However, digital
broadcast systems are the state of the art. Digital Audio and Video Broadcast (DAB,
DVB) are widespread technologies to provide traﬃc information as well as entertainment
to drivers. In contrast to WLAN and mobile radio communication, the very nature
of broadcast systems features a unidirectional information transfer from one source to
multiple receivers. One of the key advantages of this technology is full availability in
all parts of Europe. While data rates are high in such scenarios, latency times and the
lack of an uplink channel are considered key drawbacks of broadcast systems. Therefore,
broadcasting technology is not of particular interest for Pull applications.
Short-Range Communication (SRC)
Further widely accepted short-range communication technologies are Bluetooth, RFID
and even communication between keys and vehicles. Bluetooth in particular an estab-
lished technology for connecting smart phones to in-vehicle platforms in order to access
sensors and data. Compared to long-range communication technologies, SRC typically
provides lower data rates and high latencies. Even with these limitations, SRC could
be a valuable communication technology for the Pull Paradigm. Since today’s common
smartphones are normally equipped with Bluetooth, personalized information and the
phone’s sensors are a valuable source for a number of applications.
Conclusions on Available Communication Technologies
Figure 2.15 summarizes the various wireless communication technologies presented in
the previous section. It can be concluded that a variety of available technologies exist,
but not all can be applied to the Pull Paradigm. At this point, broadcast systems like
DVB-T and DVB-S are excluded from further consideration due to the lack of an uplink
channel and comparatively high latency times.
Furthermore, RFID of the SRC category will not be considered, since it provides low
transfer rates and is not optimized for low latency. However, Bluetooth might be inter-
esting depending on the individual application since it provides access to already-existing
data and sensors on smartphones. Therefore, Bluetooth will be considered for the pur-
poses of this thesis.
WLAN constitutes a promising technology for the Pull Paradigm. In particular,
802.11p is optimized for data transfer at high speed and low latency and will be one
25amplitude modification
26frequency modulation
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of the key technologies for Pull applications. Depending on the individual use case,
802.11a/b/g can also be considered. The same applies for WiMAX which oﬀers high
transfer rates and can particularly be used for C2I communication.
Mobile Radio provides stable internet connections even in mobile environments. Only
LTE is optimized for low latency, but depending on the intended applications both tech-
nologies may be valuable. Note that the presented technologies all have their individual
advantages and drawbacks. Therefore, it might also be interesting to consider a tech-
nology combination at some point in order to always use the optimal communication
technology for an application.
2.2.2. Communicating on the Fly: The Ad-hoc Challenge
So far, a high-level overview of wireless communication technologies and standardized
architectures of complete C2X communication systems has been given. The following will
now focus on wireless ad-hoc networking described in the previous chapter and explain in
more detail the approaches that cope with the special characteristics of vehicular ad-hoc
networks. The analysis is structured in a layered approach according to the architectures
presented in Section 2.1.5. Here, the focus is on the network and presentation/session
layers. As this section will show, there is a need for augmenting these layers in order to
work in the context of the Pull Paradigm.
Networking
In a highly mobile network where the topology is constantly changing and nodes move
out of transmission range all the time, it becomes challenging to deliver data reliably
from a source node to a destination node that is not in direct communication range. As
described in Section 2.1.5, this routing procedure is one of the key functionalities of the
network layer. In traditional wired networks, routing tables contain information about
the networks to which a node is connected. These tables are stored and maintained in
every node in order to determine the correct forwarding node for an incoming packet.
State-of-the-art protocols take care of this task very reliably. For example, the popular
Internet Protocol (IP) has been established worldwide. However, routing algorithms are
still in the focus of research in vehicular ad-hoc networks. This section presents various
routing schemes and analyzes their applicability to vehicular ad-hoc networks.
One common method of classifying routing algorithms is the point in time when a
route is calculated [Füssler et al., 2002]:
• Proactive routing
• Reactive routing
• (Greedy) Position-based routing
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Most algorithms for wired networks belong to the first category of proactive routing.
Here, routes are constantly maintained and stored in tables even if they are not requested.
At the time a packet has to be forwarded, the appropriate route can be looked up in the
table. Popular routing schemes use either distance vector [Hedrick, 1988] or link state
algorithms [Mcquillan et al., 1980]. Both will not be discussed here in detail as they play
only a minor role for ad-hoc networks. The interested reader is pointed to the related
standards which contain these algorithms: RFC 2328 [Moy, 1998] and RFC 5340 [Coltun
et al., 2008]. Each of them is integrated in IPv4 and IPv6 respectively, two major proto-
cols on the network layer used for point-to-point communication over the internet.
Proactive routing approaches generate a high routing overhead (payload in relation to
transmitted data for route discovery and maintenance). Therefore, they can mostly be
found in wired networks, where bandwidth is not considered as the limiting factor as it is
for wireless networks. Because of the special characteristics of vehicular ad-hoc networks,
the overhead of maintaining a routing table can easily block the communication channels.
This is one of the reasons why there are not many proactive routing protocols that have
been applied to vehicular ad-hoc networks. Two notable examples are RBVT [Nzouonta
et al., 2009] which has an option for proactive routing (RBVT-P) and the Optimized
Link State Routing Protocol (OLSR) [Clausen and Jacquet, 2003], which is an adapted
version of the link state approach.
Reactive routing computes and maintains only requested routes. Before the packet
is sent, algorithms of this class initiate a route discovery process which basically floods
the network with routing request packages. If successful, the packet is then sent along
the route while the source node usually maintains this route until the destination node
becomes unavailable [Royer and Toh, 1999]. Popular representatives of this class are for
example
• Ad-hoc On-Demand Distance Vector Routing (AODV) [Charles E. Perkins, 1997]
• Connectivity-Aware Routing (CAR) [Naumov and Gross, 2007]
• Dynamic Source Routing (DSR) [Johnson and Maltz, 1996]
• GVGrid [Sun et al., 2006]
• ROMSGP [Taleb et al., 2007]
• Geographic Source Routing (GSR) [Lochert et al., 2003]
• Dynamic Source Routing (DSR) [Johnson and Maltz, 1996]
• ROVER [Kihl et al., 2007]
• MURU [Mo et al., 2006]
• RBVT-R [Nzouonta et al., 2009]
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In comparison to proactive routing approaches, reactive strategies seem to fit the needs
of vehicular ad-hoc networks in terms of routing overhead. However, the reactive ap-
proach introduces a delay for sending packages as unknown routes have to be discovered
first. Moreover, as Füßler et al. found in their comparison of routing strategies [Füssler
et al., 2002], the third category is superior to reactive approaches.
(Greedy) Position-based routing can be considered as a special case of the reactive
approach since route discovery is only triggered upon request. The diﬀerence, however,
lies in how the route is discovered. Algorithms of this class make the next-hop decision
on every node depending on the local context. In contrast to the presented table-driven
schemes, this greedy approach neither requires maintenance of routing tables nor gen-
erates waiting times until a route discovery process has been completed. This keeps
routing overhead to a minimum. Every representative of this class exploits locations of
the surrounding vehicles, hence the name position-based. In vehicular ad-hoc networks
this location service is provided by periodic updates by the C2X neighborhood. Greedy
position-based routing has drawn attention from a number of researchers in the past.
The following list shows popular approaches but makes no claim to be complete:
• Anchor-based Street and Traﬃc Aware Routing (A-STAR) [Seet et al., 2004]
• Routing Protocol for Emergency Applications in Car-to-Car Networks using Tra-
jectories (REACT) [Van de Velde et al., 2006]
• Greedy Traﬃc Aware Routing Protocol (GyTAR) [Jerbi et al., 2007]
• Fastest-Ferry Routing in DTN-enabled Vehicular Ad-hoc Networks (FFRDV) [Yu
and Ko, 2009]
• Geographic Routing in City Scenarios (GPCR) [Lochert et al., 2005b]
• Movement-Based Routing Algorithm for Vehicle Ad Hoc Networks (MORA) [Granelli
et al., 2006]
• Global Perimeter Stateless Routing with Movement Awareness (GPSR-MA) [Granelli
et al., 2007]
Besides the greedy approach and exploitation of positions, some algorithms mentioned
above make use of meta-information in order to support routing decisions in each node.
Obvious information that can be derived from changing positions over time includes speed
and heading. A routing scheme can then determine if a possible next forwarder is closer
to the intended destination. Another approach is to consider intersections as anchor
points for routing decisions. Buildings which block the line of sight to the next forwarder
could potentially disrupt wireless communication. By trying to route the packet over
street intersections the lower influence of buildings leads to an increased probability of
reaching the destination faster in fewer hops.
Traﬃc density in the close vicinity is also an example of meta-information used by several
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approaches in order to generate more reliable routing decisions. It obviously increases
the likelihood of finding a suitable next hop. Aside from that, access to map data is
also commonly used. For example, A-STAR [Seet et al., 2004] tries to route along major
roads on which bus services are run. However, they do not consider specific schedules or
times of day when no bus services are available. The following routing protocols make
use of some kinds of meta-information for routing decisions:
• Anchor-Based Street and Traﬃc Aware Routing (A-STAR) [Seet et al., 2004]
• Greedy Traﬃc Aware Routing Protocol (GyTAR) [Jerbi et al., 2007]
• Connectivity-Aware Routing (CAR) [Naumov and Gross, 2007]
• GVGrid [Sun et al., 2006]
• Movement-Based Routing Algorithm for Vehicle Ad Hoc Networks (MORA) [Granelli
et al., 2006]
• Greedy Perimeter Stateless Routing [Karp and Kung, 2000]
• Global Perimeter Stateless Routing with Movement Awareness (GPSR-MA) [Granelli
et al., 2007]
Another important aspect of routing schemes is how they recover from errors: for ex-
ample, when reaching a local maximum, e.g. no appropriate forwarder can be found.
Some algorithms tackle this problem by starting from scratch, while others simply drop
the packet or try to trace back the route back to where they came from. These recovery
strategies become especially important in vehicular ad-hoc networks, since local maxima
are very likely to occur. Three error-recovery strategies could be identified: Reroute, i.e.
trace back the path until a more suitable forwarder can be found; Wait, i.e. do nothing
until a suitable node appears in transmission range (some of the approaches drop the
packet after a timeout); Forward, i.e. Forward to any node contained in the neighbor-
hood table according to an algorithm, e.g. first node that appears counterclockwise in
relation to the EGO’s heading.
Table 2.1 summarizes the various routing schemes presented in this section and gives
information about the meta-information they rely on. Position means the algorithm
uses periodically-updated location information on cars in transmission range while mo-
tion refers to the data that can be inferred by looking at changed positioning information
over time. Obviously, motion and heading both depend on positioning; hence all algo-
rithms that exploit motion and heading information also use positioning. The column
map indicates whether data from the road network influences the decision for the next
forwarder in any form. Algorithms with a green checkmark in the column intersections
try to route data over intersections in order to increase the probability of finding a suit-
able next hop. The column traﬃc indicates data from a traﬃc information service that
can be queried by the algorithm in order to influence the next hop decision. Algorithms
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Algorithm Class Recovery Position Motion Heading Map Inter-
sections
Traffic
AODV reactive reroute ✗ ✗ ✗ ✗ ✗ ✗
A-STAR greedy reroute ✔ ✗ ✗ ✔ ✔ ✗
CAR reactive wait / rr ✔ ✔ ✔ ✗ ✔ ✗
DSR reactive reroute ✗ ✗ ✗ ✗ ✗ ✗
GVGrid reactive reroute ✔ ✔ ✔ ✗ ✗ ✗
ROMSGP reactive reroute ✔ ✗ ✗ ✗ ✗ ✗
MOPR greedy forward ✔ ✔ ✔ ✗ ✗ ✗
REACT greedy wait ✔ ✔ ✗ ✔ ✗ ✗
GyTAR greedy forward ✔ ✔ ✔ ✔ ✔ ✗
FFRDV greedy forward ✔ ✔ ✔ ✔ ✗ ✗
GSR reactive no recovery ✔ ✗ ✗ ✔ ✔ ✗
GPCR greedy forward ✔ ✗ ✗ ✔ ✔ ✗
OLSR proactive reroute ✗ ✗ ✗ ✗ ✗ ✗
ROVER reactive reroute ✔ ✗ ✗ ✗ ✗ ✗
MURU reactive reroute ✔ ✗ ✗ ✔ ✗ ✗
MORA greedy no recovery ✔ ✔ ✔ ✗ ✗ ✗
GPSR greedy forward ✔ ✗ ✗ ✗ ✗ ✗
GPSR-MA greedy forward ✔ ✔ ✔ ✗ ✗ ✗
RBVT-P proactive no recovery ✔ ✗ ✗ ✔ ✔ ✗
RBVT-R reactive no recovery ✔ ✔ ✗ ✔ ✔ ✗
LGHS greedy wait ✔ ✔ ✔ ✔ ✔ ✔
LGHS-CD greedy wait ✔ ✔ ✔ ✔ ✔ ✔
Meta-information
Table 2.1.: The diﬀerent routing schemes and their parameters analyzed in this section.
The meta-information that the diﬀerent approaches rely on are ordered from
simple to complex from left to right, e.g. positioning is considered less com-
plex than information about live traﬃc. Algorithms LGHS and LGHS-CD
developed in this thesis (see Chapter 5) are shown in the last two rows. Leg-
end: 3 : supported, 7 : not supported.
LGHS and LGHS-CD that are developed in this thesis are also included for comparison
in the last two rows.
Obviously, all greedy approaches use positions of neighboring nodes, but even most reac-
tive protocols rely on this type of information. Interestingly, only one algorithm makes
use of traﬃc information: A-STAR [Seet et al., 2004] considers traﬃc densities along the
route in order to discover more stable paths, although only statistics are applied as will
be discussed below.
Addressing An important aspect for routing in ad-hoc networks is addressing the des-
tination node. In traditional stationary networks, the (geographical) location of the
sender and receiver are unimportant. The hierarchy of such networks is built upon net-
work segments. In vehicular ad-hoc networks, however, the geographical position of the
destination node is of the utmost importance. Here, two diﬀerent addressing schemes are
known:
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• geographical multicast
• unicast
Geographical multicast can be considered as a special type of broadcast, but is limited
to a geographical region. A routing scheme following this paradigm tries to route packets
in the direction of the area of validity as declared in their headers. Multicast algorithms
then broadcast and keep the information among the vehicles that are within the area
of validity. State-of-the-art use cases like local danger warnings (cf. Chapter 3) rely on
these types of algorithms.
Similar to wired networks, unicast algorithms realize point-to-point communication
between two vehicles. This type of communication is considered more complex since
global knowledge on network topology is needed in order to know the position of the
destination vehicle. In reality however, this topology knowledge is significantly limited
by the transmission range of the underlying wireless communication technology. In most
cases the destination vehicle is either out of range, or moving out of range, during trans-
mission. Knowledge about the location of the destination node therefore constitutes a
major challenge for unicast communication in vehicular ad-hoc networks. Since the most
promising routing algorithms follow a greedy approach, they do not manage routing ta-
bles. Hence, they cannot know about the position of the destination. Therefore, most
routing schemes for vehicular ad-hoc networks either do not consider how to discover
this location, e.g. [Seet et al., 2004], or presume a globally available “location service”
like [Li et al., 2000] that can be queried in order to retrieve it, e.g. in [Jerbi et al., 2007].
Although no details on the implementation are given, this is certainly an interesting ap-
proach to approximate the location of the destination vehicle. Low-latency cellular radio
like LTE or the upcoming 5G could therefore support direct communication between two
vehicles that are not in transmission range.
In order to give the reader a better understanding of how the diﬀerent approaches are
composed, a selection of the cited routing strategies is presented in more detail.
DSR: Dynamic Source Routing The dynamic source routing protocol (DSR) [Johnson
and Maltz, 1996] was one of the first attempts to propose an optimized routing protocol
for vehicular ad-hoc networks. It belongs to the class of reactive protocols where route
discovery processes are only triggered upon request. DSR is table driven and maintains a
cache for already successfully discovered routes. When a node attempts to send a packet,
it looks up the cache for a valid route and adds the hops to the header of the packet. In
the case where no valid route can be found, the node broadcasts a route request packet.
Every receiving node checks whether it is the destination. If not, it adds its own address
to the packet header and forwards the packet. If it is the destination, it answers with
a route reply. This message is sent back along the route until it reaches the sender.
The nodes on the path to the destination can use a so-called promiscuous mode, which
basically means that every received packet is sent to the upper layers even if the node is
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not the intended addressee. DSR uses this technique in order to also store route requests
in nodes other than the one that initiated the discovery process. In case a packet cannot
be forwarded along a route contained in the cache, DSR notifies the sender, which then
can trigger a route maintenance procedure. Promiscuous mode is also used here in order
to allow other nodes to store this information in their local cache.
According to the authors, DSR makes the assumption of moderately moving nodes with
respect to transmission latency and range. The route maintenance procedure makes
clear why this assumption is important. Frequent topology changes of the network lead
to more route discovery processes. Although an overload of the network is prevented by
limiting the number of discoveries for each node, DSR is not feasible for practical use.
Also note that DSR plans routes on the basis of node addresses, though it makes no
use of any additional information specific to vehicular ad-hoc networks, e.g. position or
moving directions of nodes.
A-STAR: Anchor-Based Street and Traﬃc Aware Routing Anchor-Based Street and
Traﬃc Aware Routing (A-STAR) [Seet et al., 2004] is one of the examples which make
use of meta-information in order to improve routing decisions. The algorithm is a mem-
ber of the greedy position-based class and therefore chooses the next forwarder in each
hop. The term anchor-based refers to the fact that A-STAR tries to deliver packets
over intersections to the destination. Before sending a packet, the algorithm computes
the intersections to be included according to an additional available map. The streets
connecting these intersections are assigned a weight according to their estimated traﬃc
density. A-STAR is especially tailored to city environments and therefore realizes this
estimation with knowledge about bus lines. According to this information the weights
are assigned. The authors call this a “statistically rated map”. They point out that traﬃc
density is subject to changes throughout the day. In order to adapt to these changes,
they propose to use a “dynamically rated map” where real-time updates to local traﬃc
conditions can be queried. When A-STAR reaches a local maximum during sending a
packet along a precomputed route, the street connected by the intersections gets marked
invalid and the sender is notified. All vehicles receiving this message also mark the street
as invalid for a predefined time.
A-STAR is one of the examples where meta-information is considered to a high degree.
The assumption of accessing a traﬃc service which provides dynamic maps, however,
is unrealistic and also not evaluated in their work. Note that in Table 2.1 A-STAR is
listed as an algorithm which does not make use of traﬃc information because they only
estimate the situation according to road categories. However, their approach to using
meta-information is promising. Chapter 5 builds up on these ideas when advanced algo-
rithms for managing information flow within vehicular ad-hoc networks are elaborated.
GPSR-MA: Global Perimeter Stateless Routing with Movement Awareness Global
Perimeter Stateless Routing with Movement Awareness (GPSR) [Granelli et al., 2007] is
an extension of the greedy location-based algorithm GPSR [Karp and Kung, 2000]. It
assumes the (geographical) location of the destination and forwards packets which are
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closer to to it. Therefore, both GPSR and GPSR-MA rely on position updates from
the neighboring nodes within transmission range. The motivation of GPSR-MA is the
highly dynamic nature of a vehicular ad-hoc network. GPSR considers only the positions
of the neighbors, not their velocity. Since the positions are only updated at intervals, the
actual locations might diﬀer. Considering possible speeds of vehicles, this could cover a
significant amount of a node’s transmission range. In the worst case, a node has already
moved out of reach and is not available as a forwarder anymore. GPSR-MA tackles
this problem by predicting the future position of surrounding vehicles according to their
current speed and heading. The algorithm recovers from local maxima by applying the
right hand rule and selecting the first car which is in reach clockwise in relation to its
own heading.
While the approach of movement prediction is certainly interesting, it has to be noted
that it is not based on the topology of the underlying road network. This results in
possible inaccurate estimations as positions of nodes are easily predicted incorrectly.
Presentation and Session Layer
On the upper layers that are close to the actual application, it is essential to provide
transparent access to the underlying communication technologies. Especially in the ad-
hoc communication between vehicles, it is important to provide applications with tools
that allow the assessment of the situation inside and outside of transmission range. The
architectures of ETSI [European Telecommunications Standards Institute (ETSI), 2010a]
and the related architecture of Kosch et al. [Kosch et al., 2012b] therefore introduce a
facility layer which provides this functionality. The key facility on this layer is the
Local Dynamic Map (LDM) as described in [European Telecommunications Standards
Institute (ETSI), 2011a]. It provides an image of the ad-hoc network situation around the
vehicle and contains information about moving and stationary objects, e.g. cars or road
signs. The facility layer is responsible for receiving and storing updates from neighboring
vehicles. It also generates updates of the EGO and communicates this information to the
cars close-by. ETSI distinguishes in [European Telecommunications Standards Institute
(ETSI), 2011a] four diﬀerent categories of information to be stored in the LDM:
• Permanent static data: information on real-world objects that are not subject to
change. This includes road topography and attributes as well as points of interest.
• Transient static data: contains information about real world objects that are
“quasi static” such as traﬃc signs and positions of gantries.
• Transient dynamic data: includes information about real-world objects, that
are subject to more frequent changes. Among others, ETSI mentions positions of
roadwork or speed limits.
• Highly dynamic data: moving vehicles and updating dynamic traﬃc signs are
considered highly dynamic and are contained in this category.
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The fourth category of highly dynamic data in particular requires the frequent exchange
of messages between vehicles in order to update the LDM. The standardization of these
messages is an essential part of the functionality of a C2X system as communication must
be vendor-independent. The standardization process, however, is still ongoing and is
likely to change in the years to come. Currently, ETSI describes two elementary message
types for vehicular ad-hoc communication: the Common Awareness Message (CAM)
[European Telecommunications Standards Institute (ETSI), 2011b] and the Decentralized
Environmental Notification Message (DENM) [European Telecommunications Standards
Institute (ETSI), 2010b].
Common Awareness Message (CAM) This type of message provides “information of
presence, positions, as well as basic status of communicating ITS stations to neighboring
ITS stations that are located within a single hop distance” [European Telecommunica-
tions Standards Institute (ETSI), 2011b]. CAMs are generated automatically within the
facility layer without intervention by an application and use a broadcast mechanism over
the ad-hoc network. Note that it is defined as a single-hop broadcast. The LDM therefore
contains information about every vehicle within transmission range. A general broadcast
not limited to one hop would jam communication channels. Generation frequency of
CAMs varies, depending on the application, between 1 and 10 Hz.
Applications are responsible for processing this data and taking action according to their
assessment of the situation. Detailed information about the contents of a CAM is shown
in Figure 2.16. The definition of ETSI distinguishes between a common header for CAMs
and DENMs and CAM specific fields. The header contains versioning information as well
as a message ID. Furthermore, the time of message generation is stored. A plausibility
check is applied in order to determine whether a CAM is still valid. If true, the informa-
tion is stored in the LDM, or it is discarded otherwise. Because the same header is used
for CAMs and DENMs, the message ID is used to distinguish between these two types
(0 = CAM, 1 = DENM).
The CAM-specific fields contain a unique ID which identifies the station and further-
more the geographic position of the station at the point in time when the message was
generated. ETSI names four profiles which aﬀect the content of the three remaining
fields:
• Profile basicVehicle: a regular vehicle.
• Profile basicIRS: a stationary object, e.g. traﬃc sign or roadside station.
• Profile emergencyVehicle: fire truck, ambulance or police.
• Profile publicTransportVehicle: bus, train, etc.
Depending on the profile, the station characteristics contain three flags which indi-
cate whether this station is able to change its position, if it is a member of a public
authority and if it is physically relevant, e.g. other vehicles can collide with this ob-
ject. Common vehicle parameters include speed, heading and acceleration. A number
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CAM-PDU
protocol version
messageID
generationTime
stationID
stationCharacteristics
referencePosition
vehicleCommonParameters (OPT)
profileDependentParameters (OPT)
header
cam
Figure 2.16.: Common Awareness Message specification according to ETSI [European
Telecommunications Standards Institute (ETSI), 2011b]. Optional field are
marked by “OPT”.
of other mandatory and optional parameters are specified, like confidence values. For a
full list of available parameters see, [European Telecommunications Standards Institute
(ETSI), 2010b]. Profile-dependent parameters are stored in the last field, e.g. traﬃc
light priorities for emergency vehicles.
Decentralized Environmental Notification Message (DENM) In contrast to CAMs,
the second class of messages used for vehicular ad-hoc communication are event-triggered
and not generated in regular intervals. They also use a geographical broadcast mechanism
as described in Section 2.2.2. According to ETSI, “Decentralized Environmental Notifi-
cation Messages (DENMs) are mainly used by the Cooperative Road Hazard Warning
(RHW) in order to alert road users of detected events” [European Telecommunications
Standards Institute (ETSI), 2010b]. Immediately after a critical situation is detected,
the station broadcasts a DENM to the close vicinity. As long as the situation persists,
the message is repeated at a given frequency. However, no minimum and maximum
frequency is mentioned in [European Telecommunications Standards Institute (ETSI),
2010b]. The broadcasting is stopped either when event that caused it disappears, life-
time of the DENM expires or the generating station explicitly sends out a cancellation
message. The disappearance of an event is to be seen from the EGO’s perspective: imag-
ine the car is detecting a slippery road. It then broadcasts DENMs in order to warn
other road users. As soon as traction of the wheels comes back to normal, the applica-
tion would stop sending out messages. As for CAMs, situation assessment is done by
the applications, e.g. a road hazard is only valid for cars driving towards this event.
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However, other vehicles may also forward the message, even if the corresponding event
has been assessed as not relevant for this car.
Figure 2.17 shows the composition of a DENM according to ETSI [European Telecom-
munications Standards Institute (ETSI), 2010b]. The header is common for DENMs and
CAMs. The DENM-specific fields are divided into three containers:
• Management container
– ActionID : describes an unique identifier for an event. It is generated from
the stationID and sequence number. This allows disambiguation of the same
event types generated by two diﬀerent vehicles. This information is used to
aggregate two DENMs into one event that is stored in the LDM, e.g. the
receiving station can detect if two DENMs are originating from the same
vehicle and, if true, combines them into one event.
– DataVersion: Using the field dataVersion a receiving station can determine if
this message describes an update from the sending station. It is also used to
mark a DENM as canceled using the value 255.
– ExpiryTime: Another way to mark a DENM as invalid is to set the field ex-
piryTime. When reached, corresponding DENMs are not forwarded anymore
and are removed from the LDM.
– Frequency : Receiving stations forward messages according to the value de-
clared in the field frequency.
– Reliability : Detection of events might not be reliable in some cases, e.g.
weather warnings. A probability can be added using this field and can be
used by applications to determine whether to trigger a notification to the
driver.
– IsNegation: This field can also be used to cancel the event described by a
DENM.
• Situation container
– Traﬃc flow eﬀect : If available, the sending station can communicate the im-
pact on traﬃc flow of the event connected to this DENM, e.g. if it is causing
a traﬃc jam
– Situation: The situation field describes the direct cause of this event.
– LinkedCause: communicates a possible linked cause to the main event, e.g. a
traﬃc jam as a consequence of a crash on the motorway.
– Severity : This field classifies the event into one of four severity levels, from
low to safety critical.
– EventCharacteristics: includes event-specific characteristics, e.g. if the event
is moving or time critical
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– VehicleCommonParameters : As for CAMs, this includes speed, heading, and
position. A full list of available parameters can be found in [European Telecom-
munications Standards Institute (ETSI), 2010b].
– ProfileDependentParameters: As for CAMs, this includes parameters specific
to the selected profile. A full list of available parameters can be found in
[European Telecommunications Standards Institute (ETSI), 2010b].
• Location container
– EventPosition: the position of the event connected to the DENM. It can
either be a geographic location or an area in which the event is valid. It can
be used by applications for performing relevance checks but also to link several
DENMs from diﬀerent cars to one event.
– LocationReference: This field tracks the position of the event over time in case
it is changing position, e.g. non-stationary roadwork.
Relevance for this Thesis The description of message formats that are undergoing a
standardization process at the moment for vehicular ad-hoc communication shows that
they are tailored specifically to safety-related applications. While Chapter 3 analyzes
common applications of the Push Paradigm in more detail, it can be concluded at this
point that the established communication infrastructure on the upper OSI layers of the
ad-hoc network stack is not intended to be applied to added-value services. CAMs are
only used for a basic service of presence notification. The messages are sent only to the
vehicles in communication range using a single-hop broadcasting mechanism. Although
DENMs use multi-hop, their composition is not generic and lacks the ability to transport
arbitrary payloads over the ad-hoc network.
2.2.3. Simulating Car2X Networks
The simulation of vehicular ad-hoc networks is an important element in the toolchain
for the successful deployment of applications within this domain. For realizing field
operational tests (FOTs) like simTDor DRIVE C2X described in Section 2.1.3, financial,
bureaucratic and organizational hurdles have to be passed long before the actual test can
be started. In simTD for example, more than one year of integration eﬀort was necessary
in order to integrate and prepare the system for the FOT. Over 30 developers met
on a regular basis at the testing site in Friedberg/Frankfurt for so-called “integration
workshops”. Also, planning the actual FOT, organizing and paying test drivers and
resolving legal issues have to be considered. Another important aspect of simulations is
the ability to predict impacts of C2X enabled cars on traﬃc. This stresses the necessity for
simulation of C2X networks. Therefore, this topic drew the attention of researchers long
before the first FOTs were planned. In the beginning, the focus lay on the implementation
of comprehensive and realistic simulation tools for wireless networks. With the progress
of the technology, C2X-specific models for 802.11p were added.
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DENM-PDU
protocol version
messageID
generationTime
denm
management
actionID
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frequency (OPT)
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location
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situation
trafficFlowEffect
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header
Figure 2.17.: Decentralized Environmental Notification Message specification accord-
ing to ETSI [European Telecommunications Standards Institute (ETSI),
2010b]. Optional fields are marked by “OPT”.
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However, the ability to simulate a complete C2X system goes beyond the scope of wireless
network simulators. While these only consider the realistic simulation of the network
stack, they do not consider realistic vehicle movements on real maps or driver behavior.
While some approaches include certain mobility models like random walk [Mangharam
et al., 2005] or random waypoint [Johnson and Maltz, 1996], this is far from being realistic.
In general, cars follow the road network according to traﬃc rules (right of way, traﬃc
lights, etc.). Furthermore, movements of one car aﬀect others, as collisions have to be
avoided. In order to simulate more realistic scenarios, network and traﬃc simulators
have to be coupled.
Within the scope of this thesis questions on human-factor issues are also addressed.
Therefore, a driving simulator needs to be added. This leads to the following requirements
for the coupling system:
1. Extensibility (mandatory): The coupling system must meet the mandatory re-
quirement of being able to add the driving simulator.
2. Development support (mandatory): In this thesis, several novel C2X applica-
tions are developed. The coupling system must support the development of C2X
based applications through a well-defined API.
3. Availability (mandatory): The coupling system must be freely available and sup-
ported by the maintainers. Note, that access to the source code is not necessarily
required.
4. Programming language (optional): the system in this thesis will be developed
in Java. Ideally, the coupling system is written in Java.
In this section the most common wireless network and traﬃc simulators that are widely
used in the community are described. Furthermore, recent approaches for a synchronized
execution of both are introduced. After that, an analysis with respect to their potential
for contributing to the goals of this thesis is given. Already at this point, it can be stated
that no coupling to a driving simulator exists so far. Therefore, a mandatory property
of an available coupling system is the possibility to add another simulator.
Wireless network simulators
Table 2.2 presents an analysis of currently available state-of-the-art network simulators.
The analysis focuses on their ability to handle the wireless communication technologies
that were identified in Section 2.2.1 as suitable for application to the Pull Paradigm.
The Network Simulator ns-2 is among the most popular tools for simulation of wired
and wireless networks 27. Its development started by the end of the 80s and continued
during the 90s. Ns-2 was focused on the simulation of wired networks. Because of its
27http://nsnam.isi.edu/nsnam/index.php/Main_Page, last accessed 24.11.2013
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SRC WiMAX
Blue-
tooth .11a .11b/g .11p 802.16 UMTS LTE Language License
ns-2 ✔* ✔ ✔ ✔* ✔* ✔* ✔* C++/Otcl GPL
ns-3 ✔* ✔ ✔ ✔ ✔* ✗ ✔ C++/python GPL
OPNET ✔ ✔ ✔ ✗ ✔ ✔ ✔ C++ com
OMNet++ ✗ ✔ ✔ ✔ ✔* ✔* ✗ C++ APL
GloMoSim ✗ ✔ ✔ ✔* ✗ ✗ ✗ PARSEC own
QualNet ✔ ✔ ✔ ✔* ✔* ✗ ✗ C++ com
NCTUns ✗ ✗ ✔ ✔ ✔* ✗ ✗ C++ own
GTnet ✔ ✔ ✔ ✔ ✗ ✗ ✗ C++ GPL
JiST/SWANS ✔ ✔ ✔ ✔ ✔* ✔* ✔* Java own
General InfoMobile RadioWLAN
Table 2.2.: Network simulators for wireless communication technologies suitable for the
Pull Paradigm according to the analysis in Section 2.2.1. Green checkmarks
( 3 ): native support for a communication technology by the respective sim-
ulator; checkmark with star ( 3* ): support available using extensions; gray
cells ( 7 ): no support.
acceptance, community-contributed modules were written in order to also support Blue-
tooth, 802.11a/p as well as UMTS and LTE. It is written in C++ and comes with its
own scripting language, Object Tcl. This supports the development of models without
the necessity to compile ns-2 code before running the simulation. Ns-2 is distributed
under the General Public License (GPL).
Ns-2 is still widely used today. While it is not being actively developed anymore, the
software is still being maintained.
In 2006, it was succeeded by ns-328. Unlike in ns-2, the development of ns-3 was focused
on the ability to simulate wireless networks based on 802.11 out of the box. However,
ns-3 does not support UMTS but it provides native support of the follow-up standard
LTE. Furthermore, OTcl was replaced by the popular Python scripting language. Ns-3
is also available at no cost and is licensed under the GPL.
OPNET Modeler is a commercial network simulator that supports a wide range of
protocols29. For wireless, almost all communication technologies are supported out of
the box. However, simulation of 802.11p is not supported.
OMNeT++ is a discrete event simulation platform written in C++ [Varga, 2001],
[Mallanda et al., 2005], [Varga and Hornig, 2008]. According to the authors, a key dif-
ference between ns-2 and OMNeT++ is its clear separation from simulation kernels and
models [Varga, 2010]. While ns-2 intends to build a network simulator, OMNeT++ pro-
28http://www.nsnam.org/, last accessed 24.11.2013
29http://www.opnet.com/solutions/network_rd/modeler.html, last accessed 24.11.2013
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vides a simulation platform which can be enhanced to a simulation framework by the
community. Another important aspect of OMNeT++ is its ability to build hierarchical
models and therefore provide the ability to reuse as much code as possible. The topology
description language called NED is used to define models and their relationships. OM-
NeT++ provides an integrated development environment using NED as its native file
format. The possibility of creating network topologies using a graphical editor supports
the rapid development process for setting up simulations. A number of contributions
have been made in order to integrate models into OMNET++. Support for wireless
802.11 is available out of the box, and UMTS comes as a plugin. However, no support is
available for bluetooth and LTE.
Omnet++ is available under the Academic Public License and is therefore free for re-
search use.
GloMoSim is a library-based simulator targeted explicitly at wireless networks and
freely available for research purposes [Bajaj et al., 1999]. Each library simulates a cer-
tain protocol within the network stack and is written in PARSEC, a C-based parallel
simulation language [Zeng et al., 1998]. One of the key features of GloMoSim is the
parallel execution environment which results in high performance. Because it was built
to primarily target wireless networks, it supports 802.11a/b/g out of the box. Support
for .11p was added later using a separate library. Bluetooth and mobile radio are not
included. The codebase of GloMoSim was commercialized in the Qualnet simulator30 for
which Bluetooth support is available. According to [Varga and Hornig, 2008], Qualnet’s
customers are primarily from military fields.
NCTUns is a simulator which explicitly added support for 802.11p in its 5.0 release
[Wang and Lin, 2008], [Wang and Huang, 2012]. A diﬀerentiator from other solutions
presented so far is the usage of the real Linux network stack. According to the authors,
applications written for NCTUns can also run on a real network device without further
modifications and it opens the possibility to generate more realistic network traﬃc. A
graphical user interface enables the user-friendly setup of simulation runs. NCTUns is
mainly mentioned here because it provides traﬃc simulation capabilities which are inte-
grated into the simulator and provides native 802.11p support. Simulations can be run
on real maps by using the SHAPE file format31. However, it lacks support for other
important wireless communication technologies like Bluetooth or mobile radio.
NCTUns is written in C++ and available at no cost for academic use.
GTNetS is a network simulator developed at Georgia Tech [Riley, 2003a], [Riley, 2003b].
The author claims the usage of C in combination with OTcl leads to substantial memory
consumption. In order to overcome these limitations and build up a scalable simulation
30http://www.qualnet.com, last accessed 24.11.2013
31http://www.esri.com/library/whitepapers/pdfs/shapefile.pdf, last accessed 24.11.2013
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environment, GTNetS was developed. Similar to the approach of OMNeT++ [Varga and
Hornig, 2008] they use an object-oriented approach in order to enhance functionality of
the simulator. Besides wired networks, 802.11b/g/p are supported. A later added model
also supports bluetooth [Zhang and Riley, 2004].
GNetS is written in C++ and freely available under GPL.
Java in Simulation Time (JiST) is another notable approach to discrete event sim-
ulation which follows a diﬀerent paradigm than the presented simulators above. JiST
converts the Java Virtual Machine (JVM) into a simulation environment by introduc-
ing transparent execution semantics for programs written in Java [Barr et al., 2005a].
JiST programs do not require simulation-specific languages like OTcl for ns-2 or PAR-
SEC for GloMoSim / Qualnet. In other words, JiST adds a simulation clock such that
the JVM is then not executed in realtime but in simulation time. Advancing in time
is then controlled by JiST. In order to achieve this, the JiST architecture distinguishes
four components: compiler, virtual machine, rewriter and simulation kernel, as shown in
Figure 2.18. The compiler and virtual machine are standard components available for
the Java language. The execution in simulation time is handled by the rewriter and the
simulation kernel. According to [Barr et al., 2005a] the rewriter basically is a dynamic
class loader. It rewrites the program on the bytecode level by intercepting all class load
requests and embedding the simulation time operations. This is done after compilation
but before execution on the virtual machine. Hence, the rewriting is done only once.
During execution, the modified classes are run in simulation time by the kernel, which is
possible due to the injected time operations added during the rewriting step.
On top of JiST, Barr et al. built the Scalable Wireless Ad-hoc Network Simulation
(SWANS) [Barr et al., 2005b]. SWANS is highly eﬃcient and scales very well for large
networks with a high number of nodes. This eﬃciency is not only due to the underlying
JiST but also because of a technique the authors call “hierarchical binning”. When a
simulated signal is sent over the communication channel, the runtime has to consider all
possible reception nodes after considering pathloss and fading. In a nutshell, hierarchical
binning allows the computation of the set of receiving nodes proportional to the set size
[Barr et al., 2005b].
SWANS supports all 802.11 derivates addressed in this thesis, and Bluetooth. Mobile
radio can be added using plugins.
The approach of using virtual machines for simulation is eﬃcient. [Barr et al., 2005b]
evaluate the performance of JiST/SWANS against ns-2 and GloMoSim in terms of mem-
ory footprint and required time to run a 2-minute NDP simulation. They varied the
number of nodes between 500 and 50,000. It turned out that for the simulation task,
JiST/SWANS outperforms both competing simulators in terms of allocated memory and
required simulation time.
It can be concluded at this point that JiST/SWANS is a very promising wireless
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Figure 2.18.: Left: Java in Simulation Time (JiST) architecture. Right: Evaluation
results of JiST/SWANS against GloMoSim and ns-2. Pictures adapted
from [Barr et al., 2005b].
network simulator for this thesis, as it is written in pure Java and scales well for large
networks. Necessary wireless communication technologies either come with the simulator
or can be added using plugins.
Traﬃc simulators
As discussed above, the traﬃc simulator application is essential for realistic simulation of
C2X networks. To be precise, microscopic simulation is necessary. In contrast to macro-
scopic traﬃc simulation, every car is modeled individually. This is essential since simu-
lation of wireless communication is also based on individual nodes. Typical distinction
criteria of such simulators are mobility models used and modeling of road infrastructure,
e.g. traﬃc lights. Particularly interesting for this thesis is the ability to couple other
simulators (e.g. external APIs are available) and to import existing, publicly available
maps (Open Street Map). The description of these systems is kept at a higher level
and mainly focuses on the distinction criterions introduced above. The primary goal is
to identify a suitable simulator that can be coupled with one of the network simulators
described in the previous section, which is analyzed in the next section. Next, available
traﬃc simulators with respect to the goals of this thesis are described. A quick overview
is available in Table 2.3.
VISSIM is a commercial, multimodal traﬃc simulation platform [Fellendorf and Vor-
tisch, 2010]. It is designed to model a number of diﬀerent types of traﬃc simultaneously,
e.g. buses, pedestrians or cyclists. The road infrastructure can be modeled in arbitrary
detail and various importers are available. According to the product description this in-
cludes the import of OSM data. Traﬃc lights and signs can also be added and are obeyed
by the simulated traﬃc. To ensure more realistic simulation, traﬃc signal control pro-
vides interfaces to common standards used in the real world. Because it is a commercial
product, no detailed information about mobility models could be found. VISSIM can be
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OSM 
import
Infra-
structure Coupling License Language
Mobility 
model(s)
VISSIM ✔ ✔ ✔ com C++ proprietary
CARISMA ✗ ✗ ✗ own C++ RW / RD
VanetMobiSim ✗ ✔ ✔ GPL Java IDM-IM/-LC
SUMO ✔ ✔ ✔ GPL C++ Krauß
Features General Information
Table 2.3.: Traﬃc simulators described in this section. Legend: 3 : feature is present,
7 : feature is not present.
enhanced by several modules that are sold by the vendor as separate products. One of
these products explicitly provides Car2X functionalities and is described as a “program-
ming interface”. According to the vendor, applications based on Car2X technology can
be added using Python or C++. The communication itself is modeled using a “stochastic
model”. No further information is given about simulation eﬃciency or scalability, despite
the usual product descriptions. In particular, no evaluation against other tools is avail-
able.
Private transport vehicles can be modeled using individual attributes like length, width,
acceleration and deceleration rates. They are placed randomly on the map and find their
way through the network autonomously, e.g. no pre-defined routes are applied. For pub-
lic transport, simulated arrival and departure times can be modeled.
CARISMA was developed by [Kosch, 2005] within the scope of a PhD thesis. In his the-
sis he elaborated on “situation adaptive communication in ad-hoc networks”. The ability
to simulate vehicle movements was part of the system. Before running a scenario, several
parameters can be adjusted: scenario size, number of vehicles, acceleration options, etc.
Vehicles’ paths through the road networks are either determined at random, e.g. the car
chooses a new direction at each intersection (random drunken) or by random walk. It is
also important to note that no cars leave the simulation; they choose another destina-
tion on the map after they have reached their destination. Also as in VISSIM, vehicle
characteristics like length and acceleration / deceleration are considered. Furthermore,
CARISMA also models human driver behavior by varying the distance between vehicles
according to the drivers’ state. The author argues that human perception of distance
to the car in front might be diﬀerent from the actual distance. In contrast to VISSIM,
maps can be loaded from SHAPE files which can be converted to OSM, but the overall
simulation capabilities are limited by several factors: Streets are limited to two lanes and
passing maneuvers are not considered at all. Aside from that, a simple conflict resolu-
tion at intersections is used and no traﬃc lights are considered. CARISMA is mentioned
here because it is already a system which provides C2X and traﬃc simulation in one
system without added coupling overhead. Because it is a self-contained system it does
not support coupling. Furthermore, it not actively supported anymore and possibilities
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are limited due to the described factors.
VanetMobiSim is a recent approach for generating movement patterns for both macro-
scopic and microscopic traﬃc simulation [Haerri et al., 2011]. It inherits results from
CanuMobiSim [Stepanov et al., 2005] and focuses on the development of highly realis-
tic models. The authors integrated their previously-developed Intelligent Driver Model
(IDM) [Treiber et al., 2000] into VanetMobiSim and augmented it with intersection
management (IDM-IM) and lane changing behavior (IDM-LC). Basically, IDM is car-
following model describing dynamics of a vehicle continuosly over time by a diﬀerential
equation.
According to [Haerri et al., 2011], VanetMobiSim is able to generate vehicle movements
for ns-2, GloMoSim and Qualnet.
VanetMobiSim is able to import maps from various formats, like Topologically Integrated
Geographic Encoding and Referencing system (TIGER), Geographic Data File (GDF)
or clustered Voronoi. TIGER maps are freely available and were completely merged with
the Open Street Map project in 2007 and 200832. However, TIGER is only available for
the United States. Other countries are not considered. GDF is an interchange format
used in several navigation systems. No direct support for the conversion to OSM is avail-
able. However, this feature can be indirectly added using eWorld33 but since no native
support is given, OSM import is marked as not available in Table 2.3.
SUMO is a popular and widely used microscopic traﬃc simulator developed by the
German Aerospace Center (DLR) [Behrisch and Bieker, 2011; Krajzewicz et al., 2002].
It is available as open source and receives continuous support and enhancements by the
initial developers as well as from the community. SUMO comes with a command-line
tool called netconvert which converts diﬀerent available map formats to its internal rep-
resentation of road networks. Out of the tools presented here, import is available for
VISSIM and OSM. Furthermore, netgen generates user-defined road topologies that are
understood by SUMO.
A very important feature for coupling with other simulators is available in TraCI, the
Traﬃc Control Interface. Using this socket connection, SUMO can be remotely controlled
by other applications before, during and after a simulation run.
Vehicle routes through the network can be specified by departure and arrival properties,
e.g. lane, velocity, entry point and exit point. In contrast to CARISMA, vehicles are
removed from the map when they have reached their pre-defined destination. A number
of additional properties are available. In order to simulate large-scale scenarios, orig-
in/destination matrices can be used to generate individual routes for a high number of
vehicles. SUMO uses a modified version of the Krauß car-following model [Krauß, 1998]
in order to determine acceleration and deceleration of vehicles. It is also possible to
32http://wiki.openstreetmap.org/wiki/TIGER
33http://eworld.sourceforge.net/
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simulate passing maneuvers. This feature was added during initial development. Details
can be found in [Krajzewicz, 2010].
Like VISSIM, SUMO is able to simulate intermodal traﬃc. Especially interesting is the
ability to model emergency vehicles by assigning priorities to certain cars at intersec-
tions. Road infrastructure like traﬃc lights is also supported and fully controllable via
the TraCI interface. However, the authors point out that the network model is coarse
in contrast to VISSIM and therefore not used by traﬃc engineers for evaluating real-life
intersections [Behrisch and Bieker, 2011]. Also interesting, though less relevant for this
thesis, is the ability to model person-based intermodal traﬃc. At an individual level,
start, destination and allowed transport systems are given. SUMO then simulates the
person’s way through the network fulfilling the given transport constraints.
SUMO follows a very generic approach to traﬃc simulation, and thus is a promising
option for this thesis.
Driving Simulators
A high-fidelity and accurate driving simulator is a crucial element for addressing the
research questions of this thesis. Although a number of driving simulators exist, e.g.
SILAB34, VTI Foerst35, CKAS Full Driving Simulator36 they are under a commercial
license and involve high costs and do not allow extensions. An open-source driving sim-
ulator that is targeted for research purposes is CARS [Kern et al., 2008]. It is written in
Java and consists of three components: a visual map editor for creating the simulation
environment, the driving simulator itself and a tool to analyze the driver’s performance.
Although availability and the programming language used meet the requirements for
this thesis, CARS lacks important features like importing existing maps, buildings, traf-
fic lights, etc. Also, development stopped in 2009.
A recent approach to provide a high-fidelity driving simulator to the research com-
munity is OpenDS [Math et al., 2012]. It is also written in Java and based on the
JMonkeyEngine37. The engine supports Blender, Ogre and Wavefront formats and is
able to load nearly any 3D environment. This has been demonstrated by importing a
highly detailed model of the city of Saarbrücken. Data was provided by the land of-
fice. The simulator is currently under active development by DFKI in the context of the
EU-funded project GetHomeSafe38. As it is open source and therefore easy to adapt, it
contributes to the PADE system that is described in Chapter 7.
[Gajananan et al., 2013] present a framework that enables multiple users to simultane-
ously control cars in the same virtual environment. This opens the possibility to conduct
distributed user studies over several countries. The framework introduces the scenario
34http://www.wivw.de/ProdukteDienstleistungen/SILAB/
35http://www.vti.se/en/research-areas/vehicle-technology/vtis-driving-simulators/vti-first-simulator/
36http://www.ckas.com.au/driver_training_simulators_43.html
37http://www.jmonkeyengine.org/
38http://www.gethomesafe-fp7.eu
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Table 2.4.: The simulators presented in this section. Cell(x,y): coupling system for net-
work simulator x and traﬃc simulator y.
markup language (SML) which can be used to specify traﬃc events, e.g. accidents and
to ensure reproducible situations. This is especially useful for controlling situations in
distributed studies in order to compare the same situation over several participants. SML
is a promising enhancement to OpenDS but multi-user studies are part of future work.
Conclusion
This section presented widely used network and traﬃc simulators. As outlined in the
introduction a synchronization of both is necessary in order to model realistic behavior of
vehicular ad-hoc networks. This section concludes with respect to the described network
and traﬃc simulators and narrows down the possibilities to be considered by looking
at already-existing coupling systems. In Table 2.4 the presented network simulators are
listed in rows, traﬃc simulators in columns. Each cell contains name(s) of already existing
coupling systems incorporating the two respective simulators. The following systems can
be identified:
• Vehicle Simulation Runtime Infrastructure (VSimRTI) [Schünemann, 2011]
• Multiple Simulator Interlinking Environment for C2CC in VANETS (MSIECV)
[Lochert et al., 2005a]
• VAnet Simulation Environment (VASE) [Hrizi and Filali, 2010]
• Traﬃc and Network Simulation Environment (TraNS) [Piorkowski and Raya,
2008]
• Simulation for Intelligent Transportation Systems (simITS) [Hrizi and Filali, 2010]
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Extensibility Development 
support
Availability Programming 
Language
TraNS ✗ ✔ ✔ ✔
MSIECV ✗ ✔ ✗ ✗
simITS ✗ ✗ ✗ ✗
CARISMA ✗ ✗ ✗ ✗
MOBYSIM ✔ ✔ ✗ ✗
VanetMobiSim ✗ ✗ ✗ ✔
iTetris ✔ ✔ ✔ ✗
VASE ✗ ✗ ✗ ✗
VSimRTI ✔ ✔ ✔ ✔C
ou
p
lin
g
 S
ys
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m
s
Requirements
Table 2.5.: Analysis of the available simulator coupling systems with respect to the re-
quirements introduced at the beginning of this section.
• Integrated Wireless and Traﬃc Platform for Real-Time Road Traﬃc Management
Solutions (iTETRIS) [Krajzewicz et al., 2010]
Note that traﬃc simulation is included in CARISMA and VanetMobiSim and therefore
are not listed as separate coupling systems.
As a first step, the network simulators NCTUns and GTnetS are excluded since no cou-
pling systems are available for them. Furthermore, NCTUns supports neither Bluetooth
nor mobile radio simulation. Next, the coupling systems are analyzed with respect to
the requirements introduced at the beginning of this section in Table 2.5. It turns out
that only two systems fulfill all mandatory requirements: VSimRTI and iTetris. How-
ever, VSimRTI is more generic. It is able to couple various simulators and is the only
system that supports JiST/SWANS, which turned out to be the most suitable of the
presented network simulators. Therefore, and because of the additional optional fourth
requirement met, VSimRTI seems to be the most promising approach for this thesis.
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3. Established ADAS Based on
Unidirectional Car2X Communication
Numerous driver assistance systems can already be found in production cars. Antilock
Braking System (ABS) and Electronic Stability Control (ESP) are common today even
in subcompact cars. Higher classes integrate advanced driver assistance systems like
Adaptive Cruise Control (ACC) or parking assistance. However, they all rely on sensors
integrated into the vehicle and therefore no collaboration between OEMs is necessary for
proper functioning. Section 2.1.5 showed that the situation for cooperative vehicles is
diﬀerent. Standards play an important role in successfully deploying C2X technology to
the market. Implementations by car manufactures need to comply with those standards
in order to be able to communicate vendor-independently. Not only do protocols need
to be standardized, but also applications and their use cases. This chapter introduces
unidirectional applications of the Car2X domain that are standardized by ETSI and
therefore reflect the common view of stakeholders. These applications are then matched
to implementations in the two largest field operational tests for Car2X Communication,
simTD and DRIVE C2X since these have the highest chance for being integrated into cars
after market introduction. Results of this chapter are twofold: first, not all applications
specified by ETSI can be found in the FOTs. Second, a strong focus on information-
centric, safety and traﬃc eﬃciency ADAS based on vehicular ad-hoc communication is
found.
3.1. The ETSI Basic Set of Applications
The Intelligent Transport Systems Steering Group (ITSSG) of ETSI (see Section 2.1.5)
advances interoperability of services in the ITS domain. In their Technical Report 102
638 [European Telecommunications Standards Institute (ETSI), 2009], ETSI specified a
basic set of applications (BSA) and use cases within the Push Paradigm. Although the
document focuses on applications working on the basis of C2C, C2I and I2C communi-
cation, it also contains use cases based on mobile networks (UMTS, LTE) and broadcast
systems (DVB, DAB). ETSI distinguishes several application classes: active road safety,
co-operate traﬃc eﬃciency, cooperative local services, and global internet services (see
Table 3.1). Analyzing the use cases in Table 3.1 reveals a strong focus on road safety and
traﬃc eﬃciency. Furthermore, interaction with most use cases is not intended: the driver
is considered as an information receiver hence they are considered as information-centric.
Most research projects in the C2X domain subsume the application classes “co-operative
local services” and “global internet services” into “Infotainment and Others”. Thus, clas-
sification of use cases is continued as follows:
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Application Class Application Use-Case
Emergency vehicle warning
Slow vehicle indication
Intersection collision warning
Motorcycle approaching indication
Emergency electronic brake light
Wrong way driving warning
Stationary vehicle - accident
Stationary vehicle - vehicle problem
Traffic condition warning
Signal violation warning
Roadwork warning
Collision risk warning
Decentralized floating car data - Hazardous location
Decentralized floating car data - Precipications
Decentralized floating car data - Road adhesion
Decentralized floating car data - Visibility
Decentralized floating car data - Wind
Regulatory / contextual speed limits notification
Traffic light optimal speed advisory
Traffic information and recommended itinerary
Enhanced route guidance and navigation
Limited access warning and detour notification
In-vehicle signage
Point of Interest notification
Automatic access control and parking management
ITS local electronic commerce
Media downloading
Insurance and financial services
Fleet management
Loading zone management
Vehicle software / data provisioning and update
Vehicle and RSU data calibration
Active road safety
Cooperative traffic 
efficiency
Cooperative local 
services
Global internet services
Speed management
Co-operative navigation
Location based services
Communities services
ITS station life cycle 
management
Driving assistance -        
Co-operative awareness
Driving assistance - Road 
Hazard Warning
Table 3.1.: The ETSI Basic Set of Applications (BSA) for the Push Paradigm.
• Safety
• Traﬃc Eﬃciency
• Infotainment and Others
It should be noted that various categorizations exist. For example, [Kosch et al., 2012b]
employ another taxonomy. They distinguish “AutoNet Applications” according to their
relation to diﬀerent entities. These entities are either driving, vehicles, or passengers.
The first category includes all applications that help improve driving and traﬃc on the
road. This means that local danger warnings are included here, as well as traﬃc eﬃciency
applications. The second category includes applications that serve the drivers’ comfort
and entertainment. Fleet management, remote software updates, etc. fall into the third
category, vehicle related applications. It is obvious that although this categorization ap-
proach is diﬀerent, it is just another perspective on a comparable range of applications.
The BSA of ETSI reflects a common view of stakeholders on possible applications within
the Push Paradigm, but a use case contained in this set does not imply a realization.
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ETSI application DRIVE C2X Function simTD Function
Roadwork warning Roadwork warning Roadwork warning
Stationary vehicle: vehicle 
problem
Car breakdown warning Obstacle warning
Emergency vehicle warning Approaching emergency vehicle Emergency vehicle warning
Decentralized floating car 
data: Visibility / Wind
Weather warning Road weather warning
Emergency electronic brake 
light
Emergency electronic brakelight Electronic brakelight
Stationary vehicle: accident Post crash warning Obstacle warning
- Traffic jam ahead warning Traffic jam ahead warning
- - Cross-traffic assistance
Regulatory / contextual speed 
limit notification / In-vehicle 
signage
In-vehicle signage/Speed limit Traffic sign assistant
Traffic light optimal speed 
advisory
Green light optimal speed advisory Traffic light assistant
- - Street Foresight
- - Roadworks information system
- - Enhanced navigation
- - Diversion management
- - Internet-based services
Table 3.2.: The ETSI Basic Set of Applications (BSA) matched to realized and evaluated
applications in the two largest field operational tests for C2X Communication
DRIVE C2X and simTD. Light orange: safety, light green: traﬃc eﬃciency,
light blue: infotainment and others.
Research projects realized only a subset of the BSA by introducing well-defined selection
processes, e.g. technical feasibility or deployment and time to market. In order to get a
deeper understanding about applications and use cases within the Push Paradigm, this
chapter considers those implemented and evaluated in two of the largest field operational
tests for C2X Communication: the project DRIVE C2X on a European level, and simTD
which took place in Germany (cf. Section 2.1.3). Since major European and German
car manufactures were part of the consortium, the selected set of applications have the
highest probability for a market introduction as soon as C2X technology is available in
production models. This chapter continues by matching use cases of the ETSI BSA set
to applications in DRIVE C2X and simTD in order to reveal functions being focused on
in state-of-the-art research.
Table 3.2 shows ETSI BSA applications in the first column. DRIVE C2X functions
which were selected for full impact assessment are listed in the second column. Despite
diﬀerent naming, use cases of DRIVE have a corresponding counterpart in ETSI BSA.
The traﬃc jam ahead warning is the only case where DRIVE enhances ETSI BSA.
The third column shows that simTD enhances the BSA of ETSI. Also, a traﬃc jam
ahead warning exists here as well. In the category of safety-related use cases simTD also
evaluated C2X based cross-traﬃc assistance. In the category of traﬃc eﬃciency, the
project came up with several novel applications. simTD also introduced a function in the
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Figure 3.1.: Local danger warning on the example of a broken down vehicle. By turning
on warning lights, broken down vehicles broadcast DENMs (blue). On a
positive relevance check by a receiving car (green), a warning message is
shown. The example on the right shows the implementation within the
research project WILLWARN.
category of infotainment and others. These are summarized as “Internet-based services”.
The reason for the enhanced function list of simTD is the method by which they where
selected. This selection process also included questionnaires to stakeholders in which
they where asked to contribute additional applications. In terms of categorization, Table
3.2 also shows an even stronger focus on safety and traﬃc eﬃciency than ETSI BSA. In
the following, a more detailed description is given on the basis of simTD functions. As
shown, this research project not only covers a wide range of use cases of ETSI BSA but
also introduces novel functions.
3.2. Safety
The initial idea of connected vehicles was to improve road safety. By making cars aware
of each other, crashes in diﬀerent situations could be avoided. All applications which
help to improve traﬃc safety belong in this category.
3.2.1. Local Danger Warnings
Use Cases 1-4 and 6-7 can be summarized as “Local Danger Warnings”. In these scenar-
ios, the driver is informed about local traﬃc events, like-slow moving or broken-down
vehicles, before actually arriving at the location (Figure 3.1). When driving on a motor-
way at high speed and with poor visibility, these use cases can contribute significantly
to increased road safety. Information about a specific traﬃc event can either be sent
out by the causing vehicle using DENMs or broadcast by traﬃc authorities using mobile
connections. In C2X research, the following local traﬃc events are recognized: broken
down vehicle, slow-moving vehicle, pedestrians on the road, traﬃc jam ahead warning,
approaching emergency vehicle warning, and road weather information.
The local danger warnings described in this section are not exhaustive. For example,
[Réolon, 2007] presents a local danger warning ontology (LDWO) that adds a number
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Figure 3.2.: Electronic brake assistant according to ETSI: A car driving ahead brakes
suddenly (yellow) while another vehicle is blocking the line of sight (green).
The driver (blue) receives a warning on the HMI and is able to avoid a crash.
Implementation in simTD is shown in the overlay on the right (Image source:
Ford).
of additional types, e.g. icy road. However, this section puts emphasis on standardized
applications and their use cases. Therefore, these additional types are not considered.
3.2.2. Electronic Brake Light
Rear-end collisions are dangerous situations on the roads and account for a significant
number of accidents today. The electronic brake light aims to prevent rear-end collisions
by informing the driver through visual, auditory or haptic modalities when drivers engage
brakes for safety. This use case is specifically intended for situations where line of sight
between the EGO and the car ahead is blocked by another road user (see Figure 3.2). It
is important to note that there is no autonomous braking of the vehicle. The assessment
of the situation remains to be made by the driver.
3.2.3. Cross-Traﬃc Assistance
This use case provides assistance in side collision scenarios. Algorithms project paths of
vehicles within the C2X neighborhood and match them to the path of the EGO vehicle.
In case of an impending crash, a warning is issued to the driver. In most implementations,
the scenario involves two cars: one driving on a major road, the other approaching from a
minor road. The latter violates right-of-way and receives a warning. The driver of the car
on the major road receives no warning. A modified version of this scenario also involves
motorcycles. In a vendor-specific implementation by BMW, additional modalities are
used in order to draw attention to the motorcyclist: The horn, headlamps and additional
LED warning lights mounted on the motorcycle come on automatically (Figure 3.3). In
contrast to standard issued by ETSI, this realization also autonomously triggers 30% of
the car’s braking power for one second. Usage of light and horn is probably not always
reasonable as it might distract other road users not involved. This will be discussed in
detail in Section 6.6.
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Figure 3.3.: Cross traﬃc assistance according to ETSI. If the system detects that the car
driver is unlikely to yield, a warning is issued. In the example of the BMW
(upper right), the additional warning lights and horn on the motorcycle come
on automatically. Picture: BMW.
3.3. Traﬃc-Eﬃciency
A second class of use cases within the Push Paradigm is concerned with traﬃc eﬃciency.
Here, C2X technology is used to improve the traﬃc flow within areas of high traﬃc
density. Most use cases are based on C2C and C2I / I2C communication.
3.3.1. Traﬃc Sign Assistant
The traﬃc sign assistant specified by ETSI informs the driver about current valid traﬃc
signs (see Figure 3.4, right). The ETSI standard suggests using I2C communication in
order to transmit necessary data to the car. In implementations, this approach is applied
to dynamic traﬃc signs on motorways. In cases of static traﬃc signs, a database is used
and updated periodically using cellular networks. It contains GPS locations of signs as
well as well as an approach path on which the vehicle is matched. Depending on the
individual road situation, this use case can also be classified as a safety application. In
the event of a traﬃc violation, it is intended to warn the driver, e.g. when exceeding
speed limits.
3.3.2. Traﬃc Light Assistant
This scenario uses I2C communication in order to broadcast traﬃc light timing informa-
tion to cars in transmission range. From this and onboard sensor data, the application
logic calculates an adequate speed that is just right to pass synchronized traﬃc lights.
Remaining red time can be shown while waiting for the green signal (see Figure 3.4,
right). Of course, recommended speed does not exceed currently valid limits and remain-
ing green time is never presented. This use case also addresses a safety aspect: In case
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uplink to
traffic management
center
RSU
Figure 3.4.: Left: Traﬃc sign assistant in the Push Paradigm: A roadside unit broadcasts
speed-limit information using CAMs. According to ETSI, a wired connec-
tion to the traﬃc management center is established in order to cope with
dynamic sign content, right: Traﬃc light assistant. With the help of sta-
tus information broadcast by road infrastructure, the application running in
the car calculates and recommends optimal speeds to the driver for passing
upcoming traﬃc lights during the green phase.
of an impending red light violation, the driver can also be warned.
3.3.3. Street Foresight
Street foresight visualizes highly dynamic traﬃc flow information in the close vicinity.
This enables the driver to adapt her route to current traﬃc situations. Moreover, loca-
tion information of other vehicles is accumulated into a “self-experienced” map. Street
foresight is based on C2C communication and has been introduced in simTD. Neither
ETSI BSA or other research projects considered this use case.
3.3.4. Roadworks Information System
The simTD-specific use case roadworks information system optimizes traﬃc flow in the
presence of roadwork. It presents information about the geometry of the roadwork and
traﬃc flow during the approach. It supports the driver in choosing a lane with less traﬃc.
Additional information is also available (length, reason, additional traveling time, etc.).
The geometry is calculated using vertical acceleration data from vehicles that previously
passed the construction site. In order to communicate this geometry to other cars, either
I2C communication or cellular networks can be used. The first relies on RSUs located
at the beginning and end of the construction area (see Figure 3.5). The second follows a
database approach similar to the traﬃc sign assistant. All necessary data is downloaded
using a mobile connection.
3.3.5. Diversion Management & Enhanced Navigation
Diversion management connects electronic overhead gantry signs and vehicles using I2C
communication. On-time information about traﬃc events issued by traﬃc control cen-
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Figure 3.5.: Roadworks information system in simTD. The yellow car delivers data from
vertical acceleration sensors to an RSU when leaving the work area. Its ge-
ometry is computed and transmitted to the blue car entering the roadworks.
While driving through the roadworks, information on geometry, traﬃc flow
and estimated time to end is displayed. The image in the middle shows the
visualization within simTD for the green car.
ters is available even when signs have been passed. The driver is able to adapt her
route according to this information. In simTD, in Germany well-known dWiSta1 signs
are equipped with I2C communication technology in order to realize this use case.
Using information about traﬃc events along a planned route, the enhanced navigation
re-calculated automatically. The driver was informed using the HMI, which displayed
the initial and re-planned routes. This use case was specific to simTD.
Figure 3.6.: Electronic overhead gantry sign (dWista) used on German motorways. I2C
technology broadcasts information to the vicinity. Drivers are able to access
this information within the area of validity of the sign.
3.4. Infotainment and Other
Infotainment use cases within the Push Paradigm are often based on cellular networks,
not C2C or C2I communication. simTD introduced several added-value services, which
1dWiSta: Dynamische Wegweiser mit integrierten Stauinformationen (dynamic direction sign with
integrated traﬃc jam information)
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are presented here.
3.4.1. Internet-Based Services
simTD evaluated the following use cases in this category:
• Weather forecast included detailed information on today’s forecast as well as the
next three days for several regions in Germany.
• Urban information displayed details about local events, e.g. exhibitions. Turn-
by-turn navigation to an event could be activated on the detail screen of the POI.
• Traﬃc events were displayed on individual road segments indicating traﬃc jams
or accidents. Details for each event could be obtained by clicking POI icons on a
map.
• Webcams provided visual access to important transport hubs. Images were up-
dated at regular intervals; see Figure 3.7.
• Parking information was available by clicking on POI icons on the map. Colors
indicated their current occupancy. Turn-by-turn navigation to a parking garage
could be activated on the detail screen of the respective POI.
All information for use cases presented in this category were downloaded using UMTS
and updated at regular intervals. Only webcam pictures were checked for a more recent
version while the user viewed a cached image. If a newer version existed, the image was
downloaded and updated on the HMI.
Figure 3.7.: One example of Internet-based services in simTD. By clicking on one of the
POI icons in the left image (red circles), still images of the location were
downloaded via UMTS.
3.5. Car2X Applications in Products
In a broader sense, several Car2X based applications have already been introduced to
the market during the last few years. Vehicle manufacturers equipped their cars with
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internet access and provide mostly added-value services using mobile radio technology,
e.g. UMTS or LTE. However, up to now vendor-independent communication and stan-
dardized applications have not been available. Manufacturers deliver their own services
and they are targeted to deliver information to the driver, or from the car to the manufac-
turer. Direct communication between cars, regardless of the communication technology
used, is not in a productive state and still subject to further research. In the following,
a representative selection of currently available products based on Car2X is given:
• News, weather, local point of interest search, access to oﬃce features
• Live traﬃc information integrated in navigation systems
• Notification to towing services in case of a breakdown
• Connection to vendor service center
• Integration of social networks
• Road tolls
• Music and video streaming
In order to give the reader a better understanding, two concrete products from two
major German car manufacturers are described. Note that the individual products may
have additional features like navigation but are not listed here since the focus is on
connected cars.
3.5.1. Mercedes COMAND Online
Mercedes subsumes all functionalities regarding connected cars under the product name
COMAND Online2. All communication is relayed over a mobile phone connected via
Bluetooth to the car. In contrast to BMW Connected Drive, no dedicated SIM card is
installed into the car.
Basic functionalities of COMAND Online include internet browsing (only in a sta-
tionary vehicle), weather information, and Google local search. Mercedes also runs an
app store that provides access to extended functionalities that can be installed by the
customer. Among others, this includes Facebook, stock applications, and information
about parking lots. Dynamic traﬃc information is also available, but it is received via
Traﬃc Message Channel (TMC) which is a wireless broadcast technology that is based
on a non-audible frequency of common radio broadcasting. COMAND Online also comes
with an additional safety feature: As soon as sensors detect a crash, e.g. the airbag re-
leased, the car’s position is transmitted to a human operator who then tries to call the
driver and/or requests medical assistance (eCall).
2http://techcenter.mercedes-benz.com/de_DE/comand_online/detail.html
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The driver interacts with the system using the COMAND Controller, a turn-and-push
dial mounted in the center console. Alternatively, shortcuts to important functionalities
are accessible via dedicated buttons around the controller.
3.5.2. BMW Connected Drive
BMW Connected Drive3 consists of safety, comfort, and infotainment functions. Inter-
net connectivity is achieved by an integrated SIM card that uses either UMTS or LTE.
Alternatively, an internet connection is established by a smartphone via Bluetooth, but
according to the product description, most of the services are available using the inte-
grated SIM card. Another interesting feature is an integrated hotspot that shares the
internet connection with up to 8 co-drivers over consumer WiFi.
BMW oﬀers a remote app for smartphones that provides access to comfort functions
like climate control or fuel level. Furthermore, the car can be locked/unlocked, or located
on a map. Another interesting feature includes route planning at home and then sending
it to the car. When the driver returns to her car, she can immediately start her trip.
Infotainment functionality oﬀers the possibility to access emails, text messages, and
contacts. They can be read to the driver or composed and sent using speech. Other
services include news, Google local search, Facebook, and a calendar. As with Mercedes,
an automatic emergency call is integrated.
3.6. Conclusion
In this chapter established ADAS/IVIS based on unidirectional Car2X Communication
were described. The analysis of applications that have been standardized by ETSI has
shown a strong focus on safety aspects. Another large group of applications addresses
traﬃc eﬃciency. The comparison of these standards to actually implemented and tested
ADAS/IVIS in two of the the largest field operational tests for Car2X Communication
revealed an information-centric alignment. The third group of applications, infotainment
and other, is not based on vehicular ad-hoc communication. For example, parking and
urban information tested in simTD rely on cellular networks. A review of already avail-
able products in the context of Car2X Communication also showed the connection to this
wireless communication technology. Furthermore, it can be seen as a transfer of existing
technology into the car, e.g. accessing emails.
In the following the findings of Chapters 2 and 3 are reviewed as a whole and missing
aspects in current state of the art Car2X networks are derived. From these results,
necessary extensions are identified to implement the Pull Paradigm.
3http://www.bmw.de/de/topics/faszination-bmw/connecteddrive-2013/ubersicht.html
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Current Car2X Networks
In the previous chapter, the state of the art in Car2X Communication networks on ap-
plication level as well as the underlying technical foundations were described. Following
up these findings and in order to be able to introduce a novel Car2X paradigm, missing
aspects for user-centric applications based on vehicular ad-hoc communication are iden-
tified in the following.
4.1. Human Factors
From a human factors perspective, the established Car2X technology of the Push Paradigm
is not open to users. The previous chapter clearly showed the technical focus of research
in this area. In past years work on protocols and standards was mainly driven by pre-
commercial development. The eﬀect on drivers and passengers was almost not considered.
The “last mile” to the user, the Human Machine Interface, was of comparably little signif-
icance. With the execution of field operational tests that were conducted in real traﬃc,
comprehensive work on human factors was needed not only because of legal reasons but
also to improve user acceptance. For example, in simTD, 400 drivers inexperienced with
the system and technology in general were paid to participate and deal with Car2X
from a user’s perspective. Their subjective ratings were included in the project results
afterwards. Inconsistent, non-intuitive or not adequate timely presentation of functions
would have significant eﬀects on user acceptance. DFKI, especially the author of this the-
sis as main developer of the human-machine interface, pioneered work in this area. With
the development of an HMI Interface tailored to Car2X applications, the groundwork
was laid to involve drivers and let them experience the technology. However, since only
applications within the Push Paradigm were developed in simTD, the driver remained
an information receiver. The HMI is included as a module in the Car2X development
platform that is going to be introduced in Chapter 7. The simTD HMI served as the vi-
sualization component for all relevant functions during the field test and was considered
a robust and reliable system component. In the context of this thesis it will also include
novel Pull applications.
It should be made very clear at this point that the HMI is mainly used to present
results of a Pull request and to integrate Pull applications into the existing diversity
of ADAS/IVIS. The author is aware of the fact that the analysis and decomposition
of complex requests to the ad-hoc network requires a comprehensive input concept for
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Figure 4.1.: Relevant results of a state of the art survey of Car2X Communication projects
by [Strandén et al., 2008b]. 79 research projects were analyzed. The focus of
every application type is clearly technical, while the category infotainment
is least considered.
automotive HMIs, e.g. a multimodal interface as presented in [Castronovo et al., 2010b;
Kern et al., 2010]. Results of the previous Chapters show that such a concept does not
exist at the moment in Car2X research, not least because of the main application areas
of the Push Paradigm (also see [Castronovo et al., 2010a]). However, this thesis focuses
on enabler technologies for implementing the Pull Paradigm. The input of complex
Pull requests while driving is left open for future work. In this thesis, only Meta-Pull
requests are considered. Here, the user inputs a simpler request which is then augmented
by information that is already available, e.g. width of the car (recall Bob’s search for an
adequate parking spot in Section 1.1).
4.2. Applications
From an application point of view, the current state of the art is primarily focused on
safety- and traﬃc-related use cases. This was clearly shown by looking at standardized
applications by ETSI and the C2C CC. These were mapped to the use cases that have
been implemented in two of the largest FOTs for Car2X Communication. As these re-
search projects prepare roll-out strategies for upcoming market introduction, they repre-
sent even more the focus of the community. Here too, selected applications for evaluation
were to a large extent from the categories of safety and traﬃc eﬃciency. These results are
also supported by a state-of-the-art survey of wireless vehicular communication projects
[Strandén et al., 2008b]. They analyzed 79 Car2X projects that were conducted in Eu-
rope, the USA and Japan as these are considered to be the most dominant countries in
this research area. Every project was classified according to a developed template which
lists some basic information on the project like duration and size as well as research foci.
Particularly interesting are columns Vehicle Human and Infrastructure Human. These
describe the focus of the individual application type listed in rows. The column Vehicle
Human then describes a Car2X project which focuses on driver and/or passenger, while
the column Infrastructure Human focuses on operator or management persons. In case
a project matches a certain area of work, the respective cell is marked by an “x”. Note
that the meanings of application types are the same as the ones introduced in Chapter
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3.
Figure 4.1 shows relevant results for metric total scope which describes were eﬀorts have
been made and where they have not. The number in a cell represents the accumulated
number of all projects in all evaluated countries. It clearly shows a focus on traﬃc
eﬃciency and safety but also shows that mostly technical questions are addressed. Fur-
thermore, infotainment applications on the basis of Car2X are also out of scope at the
moment. Among other results, Strandén et al. conclude that projects in Europe and
USA end with a demonstrator and theoretical results, e.g. standards, while Japan puts
results in production and deployment. The full analysis can be found in [Strandén et al.,
2008a].
In summary, user-centric Car2X-based applications are currently not in focus.
4.3. Technology, Protocols and Architectures
The previous Chapters also showed that the strong focus on safety and traﬃc eﬃciency
is also reflected by the underlying technology, protocols and architectures.
On the facility layer, for example, two standardized data structures are used for ad-
hoc communication: CAMs and DENMs. The contents of a DENM in particular are
tailored to safety applications as explicitly described in the message format definition
by ETSI [European Telecommunications Standards Institute (ETSI), 2010b]. Its fields
include information like “severity” or “traﬃcFlowEﬀect” which clearly addresses safety
issues. These message formats are not generic enough to realize interactive, added-
value services on the basis of vehicular ad-hoc communication. This is also backed up
by state-of-the-art literature where infotainment applications are excluded from using
ad-hoc communication technologies: “In-car services refer to features such as in-car en-
tertainment [...]. These features do not use vehicular communication and therefore are
not further detailed.” [Popescu-Zeletin et al., 2010]. On an architectural level, this could
also be verified by looking at the protocol architecture of an OBU specified by the C2C
CC [Baldessari et al., 2007]. According to this, infotainment applications do not use the
C2C transport layer. They are realized using “other radio” such as UMTS.
Routing algorithms in this domain also are optimized for quick information dissemina-
tion across the ad-hoc network. Several research eﬀorts try to predict vehicle movement
[Granelli et al., 2007] or use maps to route data packets over intersections [Seet et al.,
2004]. Two major limitations of these apporaches could be identified. First, the spe-
cial characteristics of vehicular ad-hoc networks are not fully exploited. Second, direct
communication between nodes lacks approaches to discover the intended communication
partner and keep a stable route between sender and receiver. Stable, low latency, and
bidirectional communication between multiple cars, however, is a key requirement for
applications of the Pull Paradigm. Therefore, this problem is addressed in more detail
in Chapter 5, where algorithms advanced algorithms for managing information flow in
C2X networks are elaborated.
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While the potential of ad-hoc communication for infotainment applications is obvi-
ous, e.g. low latency times, the current state of the art lacks support for this type of
applications on the technological, architectural and protocol levels.
4.4. Simulation
As outlined in Section 2.2.3, a realistic simulation of Car2X networks can only be achieved
by coupling network and traﬃc simulators. This has been done in the past by several re-
searchers in the community. The approaches were analyzed, and according to mandatory
and optional requirements of this thesis, VSimRTI has been identified to be the most
promising one. So far, primarily technical questions were answered using these coupling
systems. However, studying eﬀects on drivers by considering limitations of Car2X tech-
nology at the same time cannot be addressed by current approaches, as they do not
integrate a driving simulator. The generic architecture of VSimRTI allows this integra-
tion. Therefore, Chapter 7 addresses this topic and adds OpenDS [Math et al., 2012].
This leads to the following drawbacks of current Car2X networks:
1. Added-value services on the basis of Car2X Communication technology are not
considered.
2. User-centric applications that acquire information from the (ad-hoc) network on
the fly do not exist.
3. The content of CAMs and DENMs is specifically tailored to safety-related appli-
cations. They lack generality for non-safety applications using vehicular ad-hoc
communication.
4. Unicast ad-hoc communication does not address the problem of discovering the
target node.
5. Routing algorithms do not fully exploit special characteristics of vehicular ad-hoc
networks in order to ensure reliable communication.
6. Simulation of Car2X networks lacks integration of a driving simulator that enables
the evalation of user-centric applications.
4.5. The “Pull” Paradigm: Adding Bidirectional
Communication to Car2X Networks
In the previous section, current limitations of Car2X networks with respect to the Pull
Paradigm were presented. This leads to necessary enhancements which are shown in
Figure 4.2.
On the network level, a new message type that reflects Pull requests needs to be defined,
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Presentation / Interaction
Driver
Framework
Integrate Driving Simulator into
development platform
Network
Add user-centric applications
Pull Applications
Simulation
Define new message type
Develop routing algorithm that
supports Pull requests
Support C2X application
development on software level
Decompose Pull requests (not considered)
       Only Meta-Pull requests considered
Present Pull requests on common HMI
Figure 4.2.: Necessary enhancements of today’s Car2X Communication networks in order
to implement the proposed Pull Paradigm.
as CAMs and DENMs are tailored to safety applications. Although unicast communica-
tion is currently supported, questions of information source discovery and retrieval are
currently unanswered. Both need to be stable and reliable in order to enhance the user
experience with Pull applications. This challenge was already introduced in Section 1.2.
Because the answer to this problem is an essential pillar for an implementation of the
Pull Paradigm, it will be investigated in detail in the next chapter. Advanced algorithms
for information management in Car2X networks will be elaborated. This addresses RQ1
as defined in Section 1.3.
It has been shown that current main application areas focus on safety and traﬃc ef-
ficiency. Therefore, novel applications within the Pull Paradigm have to be defined.
Chapter 6 is dedicated to this topic and therefore to addressing RQ2.
Currently, there exists no end-to-end software platform that enables the development
of Car2X applications. In order to support development on the software level, a corre-
sponding framework is developed. It features communication support and also integrates
a common HMI framework that coordinates parallel-running ADAS/IVIS. By doing so,
developed applications are well integrated into the vehicle. Note, that only the presen-
tation part is addressed in this thesis. Although, the HMI framework is able to accept
input from the driver, the interpretation of complex Pull requests is not considered in
this thesis. Only Meta-Pull requests are assumed (cf. Section 4.1). The software plat-
form is introduced in Chapter 7 as the Car2X Platform for Application Development and
Evaluation (C2X PADE) and addresses RQ4 and RQ5. In the same context, simulation
tools are added in order to accommodate RQ3.
81

5. Advanced Algorithms for Managing
Information Flow in Car2X Networks
5.1. Mapping Car2X Networks to Unknown Fully Dynamic
Graphs
Reliable information source discovery and retrieval within vehicular ad-hoc networks were
identified as key requirements for implementing the Pull Paradigm in Section 1.2. It was
also argued that current routing protocols integrated into the Car2X network stack do not
fulfill these requirements (cf. Chapter 4). Therefore, this chapter introduces advanced
algorithms for managing information flow in dynamic environments. The problem is
mapped onto the domain of graph theory, where nodes denote vehicles and edges wire-
less connections between them. This describes a dynamic graph since the topology is
constantly changing, possibly very quickly. There are several advantages of this approach.
First, the concentration can be on the real problem of information source discovery and
retrieval without being restraint from technical details of Car2X Communication. Sec-
ond, results from graph theory and artificial intelligence can be integrated. This broader
view enlarges the scope of existing ideas from other domains that can possibly contribute
to a more optimal solution. Third, visibility within the research community is not limited
to a single domain.
Two algorithms are introduced: linked graphs heuristic search (LGHS) in Section 5.3
and then its extension LGHS-CD (CD = Cycle Detection) in Section 5.4. LGHS tackles
the problem of shortest path discovery within dynamic graphs. The term “linked graphs”
is introduced because LGHS relies on two graphs that correlate with each other: a dy-
namic one that captures the ad-hoc network and a static one that is derived from the road
network. LGHS-CD adds cycle detection to LGHS, e.g. it discovers cycles between the
information seeking and the information providing node where the latter is unknown at
the beginning. This work is published in [Castronovo et al., 2012, 2013a]. Furthermore,
the groundwork for LGHS and LGHS-CD was laid in the context of two Master’s Theses
[Del Fabro, 2013; Kunz, 2011]. Both were supervised by the author of this thesis.
In terms of the Pull Paradigm, LGHS discovers multi-hop routes between two cars
while LGHS-CD adds information search and retrieval to ad-hoc networks. Furthermore,
LGHS-CD introduces a decentralized information management component that speeds
up future requests.
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5.2. Terms and Definitions
Term Summarized meaning
G = (V,E) A graph G consisting of set of vertices V and edges E. Weighted and directed
graphs are assumed.
v 2 V A vertex v is an intersection point of the graph. It denotes the starting and
endpoints of edges.
e = (v1, v2, w) 2 E An edge e denotes a connection between two vertices. v1 2 V is called the
predecessor of e, v2 2 V is called the successor of e and w denotes the weight
of e (sometimes also written as e.w).
G˜ = (V˜ , E˜) A fully dynamic graph G˜ consisting of vertices V˜ and edges E˜. All of the
operations mentioned above are allowed.
v˜ 2 V A vertex of the dynamic graph. This is similar to the vertices in a non-
dynamic graph, with the exception that V˜ may change over time.
e˜ = (v˜1, v˜2, w) 2 E˜ Every edge models a connection between two vertices. As in the non-dynamic
case, v˜1 is called the predecessor, v˜2 is called the successor and w is the weight
of the edge.
P A path defined as a set of vertices v1, ..., vn 2 V on a non-dynamic, directed
and weighted graph G.
P˜ A path defined as a set of vertices v˜1, ..., v˜n 2 V˜ on a dynamic, directed and
weighted graph G˜.
N The set of vertices with connections to / from a single vertex v 2 V which
are of length 1, i.e. {u 2 V |9e 2 E : e = (v, u, w)}. This set is specific to
every node v 2 V .
N˜ The set of vertices with connections to / from a single vertex v˜ 2 V˜ which
are of length 1, i.e. {u˜ 2 V˜ |9e˜ 2 E˜ : e˜ = (v˜, u˜, w)}. This set is specific to
every node v˜ 2 V˜ .
Table 5.1.: Overview of graph theory terms
In order to provide a common view and also be able to evaluate and compare approaches
for vehicular ad-hoc networks to those in the artificial intelligence/graph theory domain,
a common terminology is developed. It can then be applied to both domains. The termi-
nology is used throughout this chapter whenever referring to the Pull Paradigm, routing
protocols and shortest path algorithms.
Let G = (V,E) be a weighted, directed graph with vertices v 2 V and edges e 2 E.
V and E are defined as finite sets and assume positive, real numbers for all weights.
Whenever G is referred to, a static graph is assumed, e.g. its topology and weights do
not change over time, especially not during shortest path computation.
G˜ = (V˜ , E˜) denotes a dynamic graph with vertices v˜ 2 V˜ and edges e˜ 2 E˜. In such a
graph the following set of operations is allowed on its vertices and edges:
• insert a vertex v˜ into V˜
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• remove a vertex v˜ from V˜
• insert an edge e˜ into E˜
• remove an edge e˜ from E˜
• change the edge weight of an e˜ 2 E˜
Generally speaking, all notations containing the symbol ’~’ refer to elements of dynamic
graphs. Since all of the above operations are allowed, it is a fully dynamic graph whose
topology is constantly changing.
Discrete points in time T are defined and a partial ordering on these points in time is
assumed: 8t1, t2 2 T if t1 < t2.
Shortest path P = [(p0, p1), ..., (pn 1, pn)] on G connecting two vertices v, v0 is defined
such that
n 1X
i=0
(pi, pi+1).w
is minimal among all possible paths leading from v to v0.
Furthermore, N˜ denotes the neighbor set of a vertex v˜. N˜ contains all u˜ 2 V˜ for which
the following holds:
{u˜ 2 V˜ |9e˜ 2 E˜ : e˜ = (v˜, u˜)}
Given an edge e = (u, v) of a directed graph, u is called the predecessor and v the
successor (in static and dynamic graphs).
Finally, the following functions are defined which describe topology changes in a highly
dynamic graph. They enable the modeling of vehicle movements, road networks and
wireless connections:
1. A function f˜ : V˜ ⇥ T ! E ⇥ R+ assigns a vertex v˜ 2 G˜ to exactly one edge e 2 E
at a point in time t 2 T . Moreover, it generates an edge (v, v˜) between vertex v˜
and the predecessor of assigned edge e with domain-specific weight. For example,
the weight of (v, v˜) can be interpreted as the distance vehicle v˜ travelled along road
e. In the application domain f˜ realizes a specific mobility model.
The domain of f˜ is V˜ ⇥ T , thus enabling the algorithm to derive the neighboring
topology for a certain v˜ 2 V˜ and a discrete point in time t 2 T . For the algorithm,
f˜ is restricted to vertices contained in N˜ , the set of direct neighbors to a v˜ 2 V˜ .
Furthermore, queries to future graph topology return null. Also note, that the
dynamic graph topology changes continuously but queries to f˜ are restricted to
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Figure 5.1.: Visualization of f˜ , w, and g˜.
discrete points in time. This means, that only a snapshot of the neighboring topol-
ogy can be retrieved which diverges (in the worst case) from the actual topology
the time-span between two discrete points in time t and t + 1. Figure 5.1 (left)
visualizes f˜ .
2. A function w : V ⇥ V˜ ⇥ T ! R+ gives information about the correlation between
the two graphs G and G˜ and returns a weight of an edge (v, v˜) at time t 2 T . As
for f˜ , only queries to direct neighbors are possible, e.g. elements in N˜ . In contrast
to f˜ this weight can be interpreted as the euclidian distance of a vehicle to an
intersection. A similar function w˜ : V˜ ⇥ V˜ ⇥T ! R+ returns the weight of an edge
formed by two dynamic vertices, e.g. the straight-line distance to another vehicle.
A visualization of w and w˜ can be found in Figure 5.1 (middle).
3. A function g˜ : V˜ ! List < E > describes an ordered sequence of edge assignments
for any v˜ 2 N˜ to edges e1, ..., en 2 E. Note, that g˜ gives no information about time.
In vehicular ad-hoc networks this realizes the most probable path of a vehicle. An
example of g˜ is depicted in Figure 5.1 (right).
Table 5.1 comprises the introduced terms and serves the reader as a reference through-
out this chapter.
5.3. LGHS: Discovering Shortest Paths to Information
Sources
Shortest path problems on graphs have been thoroughly studied in the artificial intelli-
gence and graph theory literature. Single-source shortest path (SSSP) or all-pair shortest
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path problems with positive edge weights can be solved using widely known algorithms,
such as Dijkstra’s Algorithm [Dijkstra, 1959] and A* [Russell and Norvig, 2003]. There
are a large number of applications: network protocols use them in order to route data
packets from one physical location to another and many planning systems in artificial
intelligence implement variants of these algorithms. Furthermore, they are applied to
agents and computer games.
The problem becomes significantly more challenging when certain dynamic operations
on the graph are allowed while searching, such as insertions or deletions of vertices as
well as changes of edge weights. This problem drew the attention of research in artificial
intelligence and related graph theory fields. Among others, approaches by [Nannicini
and Liberti, 2008; Koenig et al., 2004; Misra and Oommen, 2004; Cicerone et al., 2003;
Demetrescu and Italiano, 2003; Frigioni et al., 2000] assume global knowledge on the
graph operations performed. This means they are only applicable on graphs for which
the topology and all executed operations are known at every point in time. A short
overview of three of these approaches is given below.
[Koenig et al., 2004] propose an incremental version of the popular A* algorithm based
on a dynamic gridworld. This world consists of cells which denote vertices. Edges are
drawn between neighboring cells. The algorithm continuously finds shortest paths be-
tween a start cell sstart and a goal cell sgoal. Their approach is incremental since they
reuse results from previous searches. However, they assume global knowledge about the
gridworld: The algorithm holds data structures for the start distance of every cell as
well as a list of traversable and blocked cells. In the domain of cooperative vehicles
this assumption cannot be made: Transmission range is limited and therefore no global
knowledge of the graph can be derived.
The approach of [Misra and Oommen, 2004] transfers the problem into the domain
of learning automata. They establish three components: the learning automaton (LA),
which is instantiated in every vertex; the random environment (RE); and a penalty/re-
ward system. RE changes edge weights using stochastic information and LA constantly
interacts with this environment by guessing whether or not a node belongs to the shortest
path. The LA constantly receives rewards or penalties depending on whether its guess
was right or not. Although the distribution of the weight changes by the RE is unknown
to LA, it is allowed to retrieve a snapshot of the whole graph and its current edge weights.
Basically, this snapshot, Dijkstra’s algorithm and the received penalties/rewards are used
for shortest path computation. It is obvious that in Car2X networks such a snapshot of
the whole graph is not available.
[Frigioni et al., 2000] proposes fully dynamic algorithms by counting the vertices af-
fected by changes to the graph. When increasing the weight of an edge, the aﬀected
vertices are those which change the distance from the start vertex. The algorithm marks
vertices according to their status after a graph operation; white marked vertices were
not aﬀected by an operation. Neither the distance from the source nor the parent in
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the shortest path tree changed. Red-marked vertices increased their distance from the
source, while the distance of the ones marked pink remained constant, but they replaced
the old parent in the shortest path tree. Obviously, this approach also relies on global
knowledge about the graph topology and the operations on it.
This knowledge can neither be assumed nor derived in vehicular ad-hoc networks by
the very nature of the domain. Consider vertices as vehicles and edges as wireless con-
nections between two vehicles: The task is to send data from car A to car B, and B is
not in A’s transmission range. While searching a path to B, all of the operations above
can occur in arbitrary order and number, because the topology of the underlying graph
is subject to fast deletion and insertions of vertices and the algorithm has no information
about these changes. Hence, it is referred to as a “fully dynamic problem” (Dynamic
Single-Source Shortest Path Problem, or DSSSP). In this example, the dynamic opera-
tions may even break the connection between vertices. Furthermore, it is not eﬃcient
and sometimes even not feasible to visit every vertex after a graph operation. Network
bandwidth is considered a limited resource in vehicular ad-hoc networks, which is also a
reason why the cited algorithms are not applicable here.
In the following subsections, a combined uniform and heuristic search algorithm is
proposed, which is able to solve the single-source shortest path problem under unknown
topology changes in fully dynamic graphs. In order to do so, two graphs are instantiated:
The first, G = (V,E), is static. The single-source shortest path problem is solved on G
using Dijkstra’s algorithm. The second, G˜ = (V˜ , E˜), is subject to the described graph
operations. Afterwards, domain specific relations between the two graphs are exploited
and a shortest path identified on G is approximated in G˜. The algorithm only depends
on local information about graph operations in order to heuristically maintain or alter
the initial path found in G.
5.3.1. Algorithm Overview
LGHS is divided into three phases. At first, these phases are executed in the vertex
where shortest path computation is started. The result is a v˜ 2 N˜ which is selected to be
included in P˜ . After that, the algorithm continues in the previously chosen v˜ 2 N˜ and
continued until a goal condition is reached, e.g. the destination vertex is found. Each
phase consists of several steps which are summarized in Table 5.2:
• Phase 1 checks for termination and estimates future graph topology.
• Phase 2 computes heuristics on which the decision for selecting the next vertex in
P˜ is based.
• Phase 3 selects the next vertex for P˜ from candidates contained in N˜ . The decision
is based on heuristics from Phase 2.
At the beginning of Phase 1 it checks whether the destination vertex d˜ 2 V˜ is a direct
neighbor, e.g. an element of N˜ . In this case, no shortest path computation is necessary
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and the algorithm terminates after appending d˜ to P˜ . If the destination vertex is not an
element of N˜ , the algorithm proceeds by solving SSSP on G using a modified Dijkstra
strategy (Phase 1, step 2). The Dijkstra implementation takes the number of dynamic
vertices assigned to a static edge into account: The more vertices are assigned to the
same edge, the higher the preference for including this edge in shortest path computed
by Dijkstra’s algorithm. This is done before heuristics computation in order to accom-
modate fast topology changes within the graph.
Next, the future graph topology is estimated. This is especially necessary at low up-
date rates by f˜ to the vertices in N˜ . A vehicular ad-hoc network can be seen as a highly
dynamic graph, and as a consequence this fact has to be taken into account. A car
traveling at 36 m/s on a motorway covers a substantial amount of a car’s transmission
range between two position updates. Hence an update by f˜ could delete an edge in G˜.
The following three steps in Phase 2 are crucial for the algorithm since the choice of
the next vertex for P˜ depends on them. For every vertex in N˜ , three heuristics assess its
value for reaching the goal vertex. Heuristic 1 prefers dynamic vertices that are “close”
to elements of previously calculated shortest path P . Heuristic 2 tries to match future
dynamic graph topology with shortest path P , while heuristic 3 calculates the progress
of dynamic vertices along P . As a result, every vertex in N˜ gets assigned a value within
[0, 1] where higher values denote higher priority in selecting the next vertex for P˜ . Each
heuristic is multiplied by a weight of ↵,   and   respectively. The computations of the
three heuristics are described in detail below.
In Phase 3 a vertex in N˜ for P˜ is selected based on the heuristics computed in Phase
2. If no suitable vertex can be identified, the algorithm recovers by restarting after the
next update of f˜ .
5.3.2. Phase 1: Estimating Future Graph Topology
Due to the highly dynamic nature of the graph, future graph topology is estimated using
information provided by functions f˜ and g˜, which were defined in Section 5.2. After this
step, three heuristics are computed in order to find candidates for the next vertex in
shortest path P˜ . Note that computation of those heuristics is based on the estimated
topology, which is the result of this step, and not on the actual topology. This is justified
by discrete update intervals of f˜ (see Section 5.2, definition of f˜).
The pseudocode for future topology estimation is given in Figure 5.2 and is executed
for every v˜ 2 N˜ . f˜ is queried for retrieving the assigned edge e and the weight of edge
(v, v˜) at discrete points in time t and t 1. Using this information, f˜(v˜, t).w f˜(v˜, t 1).w
is calculated. The result is added to the edge v˜ is assigned to. The following cases have
to be distinguished:
• f(v˜, t).e = f(v˜, t  1).e (At time t and t  1 f˜ assigns v˜ to the same e 2 E)
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# Step Action(s)
1 Check necessity of Single Source
Shortest Path computation
Check if a v˜ 2 N˜ is the destination. Add v˜ to P˜ and
terminate if true or continue otherwise.
2 Solve single-source shortest path
problem on G
Change weights of edges in G according to number of
dynamic vertices in N˜ assigned to edges in G. Use
Dijkstra’s algorithm to compute the shortest path
from source to destination.
3 Update neighbor weights Estimate future topology of G˜ with the help of pre-
vious updates by f˜ .
4 Heuristic 1: Calculate edge
weights between v 2 P and v˜ 2 N˜
Prefer vertices with minimal weight between v 2 P
and v˜ 2 N˜ . Weight the result with predefined ↵.
5 Heuristic 2: Calculate matches of
v˜ 2 N˜ with edges in P
Prefer vertices that will be assigned to more edges
of P with the help of g˜. Weight the result with
predefined  .
6 Heuristic 3: Calculate edge
weights along P
Prefer vertices with higher accumulated edge weights
along P . Weight the result with predefined  .
7 Update P˜ Select a vertex v˜ 2 N˜ according to computed heuris-
tics in steps 4 – 6 and add it to P˜ , or wait until next
update from f to N˜ if no vertex can be selected.
Repeat steps 1 – 7 until the destination is reached.
Table 5.2.: High-level steps and actions of the search algorithm.
• f(v˜, t).e 6= f(v˜, t  1).e (At time t and t  1 f˜ assigns v˜ to diﬀerent e 2 E)
This aﬀects the computation of  w (lines 4-11, Figure 5.2). If the estimated future
weight exceeds the edge weight of the currently assigned e 2 E, g˜ is used in order to
retrieve the most probable future assignment of v˜ (lines 12-20, Figure 5.2). Otherwise
the estimated weight is stored for v˜.
5.3.3. Phase 2: Computing Heuristics
Phase 2 computes three heuristics for every v˜ 2 N˜ . Each of the heuristics approximates
the shortest path found in G either more quickly or more stably in G˜. However, there is
a tradeoﬀ between path stability and discovery time. Therefore, the individual heuristic
is weighted by ↵,   and   respectively in order to find a balance between the two options
depending on what is required for the intended application. As described in Section
4.5, the “Pull” Paradigm requires as stable paths as possible. Consequently, heuristics
are optimized for more stable paths instead of less time. Higher heuristic values denote
higher priority in the selection process for the next vertex of P˜ . The three heuristics are
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1: for all (v˜ 2 N˜) do
2: wt  f˜(v˜, t).w
3: wt 1  f˜(v˜, t  1).w
4: if (f˜(v˜, t).e == f˜(v˜, t  1).e) then
5:  w  wt   wt 1
6: west  wt + w
7: else
8: wt 1  f˜(v˜, t  1).e.w   f˜(v˜, t  1).w
9:  w  wt + wt 1
10: west  wt + w
11: end if
12: if (west > f˜(v˜, t).e.w) then
13: E  g˜(v˜)
14: for (i 0; i < E.length  1; i++) do
15: if (E[i] == f˜(v˜, t).e) then
16: v˜.e E[i+ 1]
17: v˜.w  west   E[i].w
18: end if
19: end for
20: else
21: v˜.w  west
22: end if
23: end for
Figure 5.2.: Estimate future graph topology
combined into a single value. In Phase 3 this value is used to decide which v˜ 2 N˜ is
added to P˜ . After this, the algorithm continues in this selected vertex.
Heuristic 1
The pseudocode for heuristic 1 is presented in Figure 5.3 (left). The idea here is to use
function w in order to identify vertex v˜ 2 N˜ with minimum weight to a vertex v 2 P .
It is obvious to prefer these vertices for P˜ since they approximate initial calculated
path P from Phase 1. The code is executed for 8v˜ 2 N˜ from the previous step and
computes 8v 2 P , the weight of an edge between a vertex v˜ 2 G˜ and a vertex v 2 G
(line 4-7). Only values up to wmax are considered which is the total weight of P . (lines
8-10). Heuristic 1 is then defined as m1 = ↵ ⇤ (1   w(v,v˜)wmax ) (line 11). Recall that higher
values denote higher priority in selecting the next vertex for P˜ . Heuristic 1 optimizes
stability of path P˜ since it prefers vertices v˜ 2 V˜ which correlate to vertices of P . In
vehicular ad-hoc networks this can be interpreted as preferring vehicles that are close
to street intersections. Normally, these indicate direction changes of vehicles driving on
the road. This approach also has another advantage: Especially in a city environment
where buildings block wireless transmissions, the probability of establishing stable data
transmission to neighboring cars is increased. Figure 5.3 (right) gives a graphical view
of heuristic 1.
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1: for all (v˜ 2 N˜) do
2: w(v,v˜)  1
3: for all (v 2 P ) do
4: if (w(v, v˜, t) < w(v,v˜)) then
5: w(v,v˜)  w(v, v˜, t)
6: end if
7: if (w(v,v˜) > wmax) then
8: w(v,v˜)  wmax
9: end if
10: end for
11: v˜.h1  ↵ ⇤ (1  w(v,v˜)wmax )
12: end for
Edge in static graph
Vertex in static graph
P
v2
~v1
~ v3
~
v1 v2 v3
w(v3,v2,t)
~
w(v3,v3,t)
~
Figure 5.3.: Left: Heuristic 1: Proximity of v˜ 2 N˜ to v 2 P . Right: Visualization of
heuristic 1. Because w(v3, v˜3, t) < w(v3, v˜2, t), v˜3 is scored higher than v˜2.
Heuristic 2
Heuristic 2 is computed as shown in Figure 5.4 (left). As for heuristic 1, the code
is executed 8v˜ 2 N˜ . Function g˜ defined in Section 5.2 gives the most probable edge
assignments of vertices in V˜ to edges in E. The idea of heuristic 2 is to identify edges of
P that are contained in the list returned by g˜(v˜). The more matching edges the higher
the preference for adding a vertex to P˜ .
Recall that G is directed. Therefore, the direction of an edge is taken into account:
An exact match results in score ! and ⌧ if the assigned edge is a non-exact match. An
exact match is given when edge (v1, v2) is contained in g˜(v˜) and also in P ; a non-exact
match when edge (v2, v1) is in g˜(v˜) and (v1, v2) in P . If the algorithm is not able to find
a match at all, it assigns a score of 0. Note, that ! > ⌧ is required.
Scoremax is defined as
P|P | 1
i=0 ! and heuristic 2 as   ⇤ scorescoremax , yielding a value in the
range [0, 1] where larger values denote higher priority in selecting the next vertex for P˜ .
Finally, the weight   is assigned and heuristic h2 is stored in v˜ (line 14). Heuristic 2 tries
to optimize path stability by preferring those v˜ 2 V˜ whose own path closely matches path
P . In vehicular ad-hoc network terms, this can be interpreted as preferring a vehicle that
can carry the message closer to the destination.
Heuristic 3
The pseudocode for the third heuristic is given in Figure 5.5 (left). For every v˜ 2 N˜
it sums up weights starting at the first edge belonging to P and continuing until the
assigned e 2 E of v˜ (lines 5-13). For vertices in N˜ which are not assigned to an edge
belonging to P , it selects vertex v of P with the least weight to the assigned edge of
v˜ (lines 15-30). The heuristic itself is then defined as w(e,v˜)wP where w(e,v˜) is the weight
calculated and wP the total weight of P .
As before, this calculates a value in the interval [0, 1] which is multiplied by a weight
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1: for all (v˜ 2 N˜) do
2: scorev˜  0
3: for (i 0; i < P.size  2; i++) do
4: p1  P [i]
5: p2  P [i+ 1]
6: if ((p1, p2) 2 g˜(v˜)) then
7: scorev˜  scorev˜ + !
8: else
9: if ((p2, p1) 2 g˜(v˜)) then
10: scorev˜  scorev˜ + ⌧
11: end if
12: end if
13: end for
14: v˜.h2    ⇤ ( scorev˜scoremax )
15: end for
Edge in static graph
Vertex in static graph P
v1
v2 v3
v4
v5
v6
v7
v8
v9
v2
~
v1
~ v3
~
g(v2)
~ ~
g(v3)
~ ~
Figure 5.4.: Left: Heuristic 2: Assigncaments of v˜ 2 N˜ to edges of P . Right: Visual-
ization of heuristic 2. According to g˜, v˜2 (green) is assigned to more edges
belonging to P in comparison to v˜3 (red). Therefore, heuristic 2 scores v˜2
higher than v˜3.
of   (line 31). Also here, larger values denote higher priority in selecting the next vertex
for P˜ . In contrast to heuristic 1 and 2, this heuristic tries to optimize progress towards
the destination by choosing the next vertex v˜ 2 V˜ that is furthest along P and therefore
optimizes for fast shortest path discovery. In vehicular ad-hoc networks this means
choosing the vehicle furthest along the guiding path on the street map.
5.3.4. Phase 3: Selecting Best Neighbor
After calculating the heuristics, the vertex in N˜ for P˜ is selected. Let H be the set
containing the sums of h1, h2, h3 8v˜ 2 N˜ . Then, the next vertex for P˜ is defined as
the vertex with the largest sum in H. If the next vertex is P˜ [P˜ .length  1] (the current
vertex), a recalculation is triggered after the next update of f˜ .
5.4. LGHS-CD: Context-Aware Information Retrieval and
Dissemination
Linked Graphs Heuristic Search with Cycle Detection (LGHS-CD) augments LGHS pre-
sented in Section 5.3 with the ability to return to the vertex in which the shortest path
computation started, e.g. it starts in the information seeking node, discovers the infor-
mation providing node and returns to the information seeking node. In graph theory
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1: wP  P.totalWeight
2: for all (v˜ 2 N˜) do
3: ev˜  f˜(v˜, t).e
4: w(e,v˜)  0
5: if (ev˜ 2 P ) then
6: for (i 0; i < P.size  2; i++) do
7: if (ev˜ == (P [i], P [i+ 1])) then
8: w(e,v˜)  w(e,v˜) + f˜(v˜, t).w
9: abort for-loop
10: else
11: w(e,v˜)  w(e,v˜) + (P [i], P [i+ 1]).w
12: end if
13: end for
14: else
15: leastWeight 1
16: v  nil
17: for (i 0; i < P.size  1; i++) do
18: if (w(P [i], v˜, t) < leastWeight)
then
19: leastWeight w(P [i], v˜, t)
20: v  P [i]
21: end if
22: end for
23: for (i 0; i < P.size  2; i++) do
24: if (P [i] == v) then
25: abort for-loop
26: else
27: w(e,v˜)  w(e,v˜) + edge(P [i], P [i +
1]).w
28: end if
29: end for
30: end if
31: v˜.h3    ⇤ (w(e,v˜)wP )
32: end for
Edge in static graph
Vertex in static graph
P
v1
v2 v3
v4
v5
v6
v7
v8
v9
v2
~
v1
~ v3
~
Edge weights along P for v3
~
Edge weights along P for v2
~
Figure 5.5.: Left: Heuristic 3: Edge weights along P . Right: Visualization of heuristic
3. v˜2 is preferred since the accumulated weight of edges along P (blue) is
higher than for v˜3.
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terms, the algorithm’s goal is to start at v˜start, discover a v˜goal fulfilling condition i and
finding the shortest path back to vstart. The path to v˜start may contain already-visited
vertices during discovery of v˜goal; hence the cycle is formally a closed walk. v˜goal is discov-
ered without a priori knowledge within the dynamic graph. Information about successful
queries is stored in a distributed manner within the dynamic graph. Therefore, v˜ 2 V˜
carry additional crumbs which refer to other v˜ 2 V that are elements of a route to v˜goal.
Metaphorically speaking, the size of the crumbs increases with decreasing distance to the
information providing node. Formally, the values of the crumbs are getting higher with
fewer vertices remaining on the route to v˜goal. Both notations are used in the rest of this
chapter. Crumbs are stored in each vertex after an information discovery succeeded. The
term has its origin in the popular fairytale Hänsel und Gretel who leave breadcrumbs be-
hind as they are hiking deeper into the forest. Afterwards, they collect the breadcrumbs
in order to find their way out [Grimm and Grimm, 2007].
vstart
~
vgoal
~
vstart
~
vgoal
~
forward mode backward mode
i
i
i
i
i
i
vcurr
~
vnext
~
vcurr
~
vnext
~
Figure 5.6.: Left: forward mode and visited vertices to v˜goal that fulfills condition i;
right: backward mode, in which yellow colored vertices are now part of the
route and can also fulfill i, if indicated by results of the benefit function.
Note the topology change of G˜; f˜ and g˜ are used to approximate a path
from v˜goal to v˜start.
5.4.1. Algorithm Overview
Similar to LGHS, LGHS-CD is executed in vertices consecutively. The algorithm is
divided into three phases: forward mode, backward mode and route maintenance. An
overview is given in Figure 5.6. Forward mode is started in v˜start. If available, crumbs
are considered for determining v˜next; otherwise, an application-specific approximation
is used. Furthermore, information from f˜ and g˜ on previously visited v˜ is forwarded
from the current vertex vcurr to v˜next. This is exploited in backward mode when v˜goal
has been discovered and a path back to v˜start has to be found. This enables LGHS-CD
to approximate the sub-graph between v˜goal and v˜start. In backward mode crumbs are
stored in each visited vertex to optimize future cycle discoveries. This generates a route
to vertices fulfilling i. The more such discoveries succeed, the higher the probability
LGHS-CD can rely on already-existing crumbs. Shorter paths between visited vertices
in backward mode and v˜goal result in higher values for the crumbs. The goal condition i
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is connected to data d that is relevant for v˜start. Therefore, in backward mode a benefit
function calculates the local relevance of i.d for v˜curr. Upon exceeding a predefined
threshold, i.d is stored in the vertex. The same benefit function is used to calculate a
global relevance, e.g. importance for other vertices. If relevant, i.d is distributed to all
v˜ 2 N˜ . This ensures dissemination of i.d in the dynamic graph. A time-to-live is applied
in order to remove expired data.
Route maintenance is a twofold process: first, crumb size is decreased over time. Second,
route maintenance handles dynamic graph operations, e.g. vertices that enter / leave the
route are added / removed. Also topology changes of the route have to be considered
due to the high dynamics of the graph.
5.4.2. Phase 1: Forward Mode
Forward mode is divided into three steps which in turn consist of two sub-steps each
(see Table 5.3). Step 1 checks for the goal condition and determines v˜next. Step 2 is a
fallback in case no crumbs exist in v˜curr or v˜ 2 N˜ . The algorithm then relies on LGHS
for determining v˜next. Step 3 stores the local context of v˜curr to M .
When the algorithm is started in a v˜ 2 V˜ it generates local memory M that contains
essential data for completion of cycles in unknown highly dynamic graphs. Since a v˜ 2 V˜
has only restricted knowledge about graph topology, M cannot be accessed globally and
is therefore forwarded to v˜next after the completion of forward mode. M also stores the
local context of every vertex visited in forward mode during step 3. The Contents of M
are then used in backward mode in order to approximate the sub-graph between v˜goal
and v˜start in order to assess the shortest path back to v˜start.
Step 1: Determination of v˜next Using Crumbs
Step 1a starts with a check for the termination condition. If the current vertex fulfills i
and holds a non-expired version i.d, either v˜goal was discovered, or a vertex which stored
i.d during backward mode. LGHS-CD then terminates forward mode and continues with
backward mode (see Section 5.4.3). In step 1b, v˜next is determined. Therefore, LGHS-CD
looks for available crumbs in v˜curr and all v˜ 2 N˜ . In case crumbs exist, the algorithm
jumps immediately to step 3 and continues in the vertex containing the largest crumb
after completing step 3. With no crumbs, restricted knowledge on graph topology and
dynamic operations, it is not possible to determine a path to v˜goal. Step 2 therefore
provides a fallback solution in case no crumbs exist. In this case, v˜goal is approximated
using application-specific data. It is then the application’s responsibility to set v˜goal. This
approximation is highly dependent on the application domain. In this thesis, LGHS-CD is
applied to C2X networks. Here, the most probable geographic location of the destination
is used. For example, the on-demand traﬃc information system described in Section 6.1.1
assesses the location of a traﬃc event depending on its type: a traﬃc jam, for example,
is most likely in front of the car. In such a case v˜next is determined as a car driving in
the same direction of the EGO and located ahead of it.
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Table 5.3.: The three steps of forward mode.
Forward mode
Step Sub-step Action(s)
Step 1
1a Check whether the current vertex is the v˜goal that fulfills i. If
so, proceed with backward mode.
1b Check whether crumbs exist in v˜ 2 N˜ . If so, continue in v˜
with the largest crumb after completing step 3. If no crumbs
exist, approximate destination and proceed with step 2.
Step 2
2a Use LGHS to solve DSSSP to v˜goal.
2b Best neighbor decision according to result of LGHS. If no best
neighbor selection possible, wait for next update of f˜ to N˜ .
Step 3
3a Store  d = f˜(v˜curr, t   1)   f˜(v˜curr, t   2) and mapping list
m = g˜(v˜curr) in M.v˜curr.
3b Copy M to v˜next and continue forward mode in v˜next.
Step 2: Determination of v˜next using LGHS
As described above, step 2 provides a fallback solution in case no crumbs are available
in v˜ 2 N˜ or v˜curr. Consequently, v˜next could not be determined in step 1. This determi-
nation is done in step 2.
The result of step 1 is that either an approximated v˜goal or a route has been identified by
considering crumbs. Step 2 considers this result and uses the original LGHS algorithm
in order to determine v˜next out the neighboring vertices. Here, the three heuristics
introduced in Section 5.3.3 are computed. According to the result, v˜next is selected. In
case no v˜ 2 N˜ is suitable, step 2 also uses the same fallback as LGHS by waiting for the
next update of f˜ to N˜ .
Step 3: Update Local Memory M
In one of the two previous steps v˜next was determined. In step 3 important information
about the local context of v˜curr is stored to M . Function f˜ is queried over the last two
time intervals and the result is stored as  d. The idea is to retrieve weight changes of
v˜curr in correlation to edges in the static graph G˜ over time. Note that in order to get
more accurate values, this process can be repeated over the last n updates of f˜ . Using
the definitions introduced in Section 5.2 it is likely that the assigned edge e 2 E of a v˜
changed between to updates of f˜ . This has to be taken into account when calculating
 d. Formally, this leads to the following:
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 d =
(
|f˜(v˜curr, t  1).w   f˜(v˜curr, t  2).w| f˜(v˜curr, t  1).e = f˜(v˜curr, t  2).e
f˜(v˜curr, t  2).e.w   f˜(v˜curr, t  2).w + f˜(v˜curr, t  1).w f˜(v˜curr, t  1).e 6= f˜(v˜curr, t  2).e
Furthermore, mapping list m = g˜(v˜curr) is stored in M and copied to v˜next. This
data is then used in backward mode to discover a stable path back to v˜start in G˜. After
completion of phase 3, LGHS-CD continues with phase 1 of forward mode in v˜next.
5.4.3. Phase 2: Backward Mode
Table 5.4.: The three steps of backward mode.
Backward mode
Step Sub-step Action(s)
Step 1
1a Check whether v˜start 2 N˜ . If so, v˜next = v˜start and continue with step
3. Otherwise continue to step 1b.
1b Use data stored inM to approximate subgraph between v˜curr and v˜start.
Step 2
2a Use LGHS to solve DSSSP, update neighbor weights and compute
heuristics.
2b Best neighbor decision according to result of LGHS. If no best neighbor
selection is possible, wait for next update of f˜ to N˜ .
Step 3
3a Create or update crumbs for i.d in v˜curr.
3b Compute local and global benefit and disseminate/store i.d accordingly.
Backward mode is started as soon as LGHS-CD discovers a v˜ 2 V˜ fulfilling the goal
condition i. The task of the backward mode is to trace back to v˜start and deliver i.d. It
can be safely assumed that the subgraph formed by v˜goal, v˜start, and the vertices visited
during forward mode is constantly changing while backward mode is executed. This
fact is addressed by using local context data collected during forward mode. LGHS-
CD approximates the subgraph using all  d values and mapping lists m. In order to
speed up future requests to i, the Algorithm generates crumbs that form a route to v˜goal.
Furthermore, local and global benefits are calculated; hence v˜curr might not only become
part of the route but also fulfill i by storing i.d. This supports future cycle discoveries
and ensures dissemination of i.d throughout the dynamic graph. A summary of the three
steps of backward mode is given in Table 5.4.
Step 1: Subgraph Approximation
Similar to forward mode, step 1a checks for termination by searching for v˜start in all
v˜ 2 N˜ . LGHS-CD then sets v˜next = v˜start, executes step 3 and terminates. If v˜start is
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not an element of N˜ the Algorithm approximates the subgraph formed by v˜curr, v˜start
and all vertices contained in M that were visited during forward mode (step 1b). The
pseudocode for this procedure is given in Figure 5.7. It uses information stored in M
to calculate the most probable assignments of v˜ 2 V˜ to e 2 E. Furthermore, weights of
virtual edges (v˜, v) are approximated (cf. Section 5.2). The Algorithm distinguishes two
cases:
1. v˜ 2 N˜ : In this situation the Algorithm can rely on more accurate information since
f˜ can be queried (lines 17 – 20). Therefore, data stored in M is discarded.
2. v˜ /2 N˜ : Estimate correlation of v˜ to G (edge assignment and weight of virtual
edge, cf. Section 5.2). Similar to Figure 5.2 of LGHS where future graph topology
is calculated, the assigned edge of v˜ in static graph G needs to be determined
according to estimated weight  west (lines 5 – 13).
The results of subgraph approximation are then used for further processing. More pre-
cisely, information gathered during forward mode is used to approximate edge assignment
of v˜start to e 2 E. The original LGHS algorithm can then rely on this approximation
and determine the shortest path back to v˜start. LGHS-CD assumes that the dynamic
of the graph is similar for neighboring vertices. For example, in the application domain
this refers to cars close to each other on the same road traveling with comparable speed.
This fact is exploited by averaging over all collected  d during forward mode (line 1 of
Figure 5.7). The estimated weight change  west can then be calculated from  d and
the time elapsed since forward mode started ( t, line 4).
Step 2: LGHS
Step 2a uses LGHS to solve DSSSP to v˜start. While in forward mode LGHS was only
a fallback solution, it is called in every run of backward mode. It works on estimated
graph topology which resulted from step 1. Estimated values for v˜start are especially
important for LGHS to succeed. Note, that v˜start is also contained inM , as it was added
during forward mode. Hence, approximated correlations to G are available to LGHS in
backward mode.
Step 2b selects v˜next according to results from LGHS. Also here, the algorithm waits for
the next update of f˜ to vertices in N˜ if LGHS returns v˜next = v˜curr.
Step 3: Crumbs, Benefit Computation, and Dissemination
Step 3a of backward mode creates crumbs which support future queries. Additionally,
local and global benefit is computed.
When entering step 3, the algorithm increases an already existing crumb value for i.d
by a global constant cinc. If v˜curr contains no crumb for i.d, an initial value minit is
calculated according the following equation:
minit = max(0, cdef · ⇢(M.nbck)  cdec · c) (5.1)
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1:  wavg  1|M | ·
P|M |
i=1M.v˜i. d
2: for all (v˜ 2M) do
3: if (v˜ /2 N˜) then
4:  west   wavg · t
5: if ( west > M.v˜.e.w) then
6: E  M.g˜(v˜)
7: for (i 0; i < E.length  1; i++) do
8: if (E[i] == v˜.e) then
9: v˜.e E[i+ 1]
10: v˜.w   west   E[i].w
11: end if
12: end for
13: else
14: v˜.e M.v˜.e
15: v˜.w   west
16: end if
17: else
18: v˜.e f˜(v˜, t).e
19: v˜.w  f˜(v˜, t).w
20: end if
21: end for
Figure 5.7.: Subgraph approximation in backward mode
with
c = tcurr  M.tbck (5.2)
and
⇢ : N+ \ {1}! R, x 7 !
(
1  xl2 x  l
1  xmmax x > l
(5.3)
The intuition behind equation 5.1 is to calculate an initial crumb value minit by de-
creasing a default value cdef dependent on the number of vertices visited in backward
mode so far (M.nbck). This is reflected by function ⇢: Up to a threshold l, ⇢ is close to
1, which in turn results in a constant value for minit. Global parameter l declares the
number of vertices that should carry crumb values close to cdef . When this threshold is
exceeded, ⇢ converges to  1, resulting in minit = 0. Here, mmax defines the maximum
number of vertices carrying crumbs.
Term cdec · c additionally subtracts a value cdec c times where c denotes the time-steps
elapsed since the backward mode started (M.tbck). This information is contained in M
and therefore locally available to the algorithm. By applying this term to equation 5.1,
a lifetime for crumbs is added, after which they become invalid. This addresses the high
dynamics of the graph.
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1: wpath  Path(v˜curr.e.v0, v˜goal.e).w
2: bpath  0
3: bg˜  0
4: bv˜  0
5: if (wpath  wmax) then
6: bpath  wpathwmax · 100
7: end if
8: if (v˜goal.e 2 g˜(v˜curr)) then
9: bg˜  100
10: end if
11: bv˜  bpath+bg˜2
Figure 5.8.: Benefit Computation
In step 3b of backward mode a benefit value is calculated which is used for determin-
ing local storage of i.d or dissemination to all v˜ 2 N˜ . The concept of a message benefit
function was originally introduced in [Adler et al., 2006; Eichler et al., 2006] and used
for information dissemination in vehicular ad-hoc networks. This is adapted to LGHS-
CD. [Eichler et al., 2006] consider message context (e.g. message age, time since last
reception), vehicle context (e.g. driving direction), and information context (distance to
source, time of day) to compute the benefit. While the message context can be mapped
to the additional term cdec · c in equation 5.1, vehicle and information context can be
seen as bpath and bg˜ as described in the following.
Figure 5.8 shows the exact procedure by which benefit is computed. The basis for
benefit of a vertex bv˜ is the two values bpath and bg˜ which are determined independently
from each other. The average value then results in bv˜. They are computed as follows:
• bpath: This component of the overall benefit bv˜ gives an approximation of the
“distance” between v˜curr and v˜goal. The “closer” v˜curr is to v˜goal, the higher the
benefit. Formally, this is achieved by considering wpath as the weight of shortest
path on static graph G between current vertex v˜curr and goal vertex v˜goal (line 1).
Recall that v˜goal met goal condition i and carries data i.d. Along with i.d, a global
maximum weight wmax is defined for which i.d is valid. In case wpath is lower or
equal to wmax, benefit bpath is computed (lines 5 – 7). b˜path gives a result within
the interval of [0,100].
• b˜g˜: The second component of bv˜ considers future edge assignments of v˜curr to edges
in static graph G. In cases where a (future) edge assignment matches the edge
v˜goal is assigned to, i.d is considered relevant for v˜curr. Formally, this is achieved
by exploiting function g˜. bg˜ then is either 0 or 100 (lines 8 – 10).
The overall benefit bv˜ is then defined as the average value of bpath and bg˜ (line 11).
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5.4.4. Phase 3: Route Maintenance
Decreasing Crumb Sizes
During visiting vertices in backward mode, already existing routes are strengthened or
initialized according to a rather complex operation presented in equation 5.1. The coun-
terpart, decreasing crumb sizes over time, also needs to be considered. However, it can
be achieved with less eﬀort: LGHS-CD starts decreasing the size of crumbs by a con-
stant value after a pre-defined time. This ensures fading of routes when no requests in
backward node reach a vertex. Also, start time of decrease and amount can be adapted
depending on the application / information type.
Handling Dynamic Graph Operations
Route maintenance is an important part of LGHS-CD since routes leading to a v˜goal
fulfilling goal condition i are constantly changing due to graph dynamics. Phase 3 is
therefore not consecutively executed but is triggered by events on the dynamic graph.
More precisely, phase 3 is activated when
• a non-member vertex enters the route,
• a member vertex leaves the route, and
• the sequence of member vertices changes along the route.
members in this context identify all vertices carrying crumbs to a vertex fulfilling goal
condition i.
Non-member vertex enters the route Given a vertex v˜new and a subset V˜T ✓ V˜ where
V˜T contains all vertices forming the route, v˜new enters a route if and only if:
9a˜, b˜ 2 V˜T , 9v˜new 2 N˜ : f˜(v˜new, t).e.v0 2 P (f˜(a˜, t).e.v0, f˜(b˜, t).e.v0) ^ v˜new.i 6= ;
with P (v1, v2) shortest path between vertices v1, v2 2 G. If this condition is fulfilled, a
crumb has to be generated for v˜new by one of its neighboring vertices. However, the event
of a new member entering the route is detected by all neighboring vertices. In order to
prevent surrounding vertices from generating crumbs simultaneously, a synchronization
procedure is applied. This addresses possible limitations of the application domain. For
example, in vehicular ad-hoc networks wireless communication bandwidth is considered
a limited resource. Therefore, communication overhead is reduced by limiting the nodes
transmitting to the new member of the route. Besides this synchronization step, a value
for the crumb has to be calculated.
The entire procedure is described in Figure 5.9, left. For all elements in N˜ the weight
to v˜new is calculated using function w˜ (line 5). If it is smaller than the weight between
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1: csum  0
2: cnt 0
3: for all (n˜ 2 N˜ \ {v˜new}) do
4: if (crumb(i, n˜, t) 6= ;) then
5: if (w(n˜, v˜new) < w(v˜curr, v˜new)) then
6: abort
7: end if
8: csum  csum + getCrumb(i, n˜, t)
9: cnt cnt+ 1
10: end if
11: end for
12: cavg  csumcnt
13: setCrumb(i, v˜new, cavg)
vnew
~ n~vcurr
~
w(vcurr,vnew,t)
~ ~~
w(vnew,n,t)
~~~
Figure 5.9.: Left: the procedure for incorporating a new route member. Right: Visual-
ization of the synchronization step which tries to minimize the vertices that
set a crumb in the new vertex of the route. In the optimal case, this is done
only by the “closest” vertex.
the current vertex v˜curr and v˜new, it is expected that another vertex sets the appropriate
crumb and the procedure is aborted Figure 5.9, line 6. Otherwise the crumb value of
the neighboring vertex is retrieved (line 8). In lines 12 – 13 the average crumb value
in v˜new is set. This avoids situations where all neighboring vertices create crumbs in a
v˜new. However, the procedure cannot prevent this completely because every vertex has
only local knowledge of the dynamic graph topology which is limited to the elements in
N˜ . Formally, two vertices will both create crumbs in a v˜new if the following condition is
fulfilled:
9v˜1, v˜2, v˜new 2 V˜ : v˜new 2 v˜1.N˜ ^ v˜new 2 v˜2.N˜ ^ v˜1 /2 v˜2.N˜ ^ v˜2 /2 v˜1.N˜
Member vertex leaves the route If a member vertex is leaving the route it removes its
crumb autonomously since this situation can be detected locally. A vertex continuously
checks N˜ for crumbs belonging to the same route after each update of f˜ . As soon as
there is no v˜ 2 N˜ that contains a crumb, the current vertex considers itself not a mem-
ber of the route anymore and deletes its crumbs. Supposing that the vertex reenters the
route, it will be notified by already-existing members according to the procedure shown
in Figure 5.9.
Positions of member vertices change along the route Since “larger” crumbs are re-
quired for vertices “closer” to v˜goal, they have to be continuously adapted to topology
changes of the dynamic graph. With updates of f˜ to vertices in N˜ , the sequence of route
members is likely to change. This results in incorrect crumb sizes that do not reflect the
actual order; hence a third route maintenance procedure is applied. Formally, such a
situation can be described as follows (where v˜x.c denotes crumbs sizes stored in v˜x):
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9v˜1, v˜2, v˜goal : v˜1.c > v˜2.c ^ P (v˜1, v˜goal).w > P (v˜2, v˜goal).w
Both aﬀected vertices can detect this situation locally by querying N˜ . In this case
both replace their own crumb value with that of the conflicting vertex in N˜ in order to
reflect the change in sequence. f˜ then updates the changed crumb values to N˜ in all
neighboring vertices that are possibly also part of the route.
5.5. Example Runs
In order to give the reader a better understanding of how the algorithms work in practice,
an example using a concrete situation and precise numbers is given in this section. A
simple grid for the static graph is used and an edge weight of 1 is assumed for every edge.
The shortest path P is depicted in blue color. The weight which is returned by f˜ is one
out of 12 ,
1
3 ,
2
3 (see Figure 5.10).
5.5.1. LGHS
For LGHS the focus is on heuristic computation and therefore estimation of future graph
topology is skipped (part of Phase 1) for clarity. Except for the destination only the
vertices of the dynamic graph which are in N˜ are shown. The tables in each step give
the results of f˜ and g˜ as well as the heuristic computation. The vertex on which the
algorithm is currently running is marked by a “⇤” in the first column, the next vertex
selected for P˜ by a “⇤” in the last column. For the calculation of edge weights using
function w, weights of the static graph are used (see Figure 5.10). Every heuristic is
weighted equally (13). ! and ⌧ for heuristic 2 are set to 2 and 1 respectively.
v8
~ v7
~
v9
~
v11
~ v10
~
v6
~
v5
~
v4
~
v0 v3
v4 v7
v8 v11
v12 v15
v0
~ v1
~
v2
~
v3
~
w(v12,v3,t) = 1,66~
(v0,v1).w = 1
Figure 5.10.: Properties of the static and the dynamic graph used for the example runs.
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vd
~
v0 v3
v4 v7
v8 v11
v12 v15
0,44*
0,31
0,35t1
v0
~ v1
~
v2
~
v3
~
P = [(v15, v11), (v11, v10), (v10, v6), (v6, v2),
(v2, v1), (v1, v0)]
P˜ = [(v˜0, v˜1)]
Comments: Normally, Dijkstra’s algorithm
would compute shortest path P on G as
[(v14, v10), (v10, v6), ...] but since the number of
v˜ assigned to (v15, v11) is higher than those for
(v14, v10), the extension to Dijkstra’s algorithm
adapts weights for shortest path computation in
G dynamically. In this case, (v15, v11) is preferred
over (v14, v10), which results in shortest path P con-
taining edge (v15, v11). v˜1 then scores higher than
v˜2 because g˜(v1, t1) matches more edges of P than
g˜(v2, t1) (heuristic 2).
N˜ f˜(v˜x, t1) g˜(v˜x) H1 H2 H3
3P
i=1
Hi
v˜⇤0 {(v15, v14), 12} [(v14, v13), (v13, v12)] – – – –
v˜1 {(v15, v11), 13} [(v11, v10), (v10, v6)] 13 (1  0,36 ) ⇡ 0, 31 13 · 412 ⇡ 0, 11 13 · 0,36 ⇡ 0, 02 0,44⇤
v˜2 {(v15, v11), 23} [(v11, v7), (v7, v3)] 13 (1  0,36 ) ⇡ 0, 31 13 · 012 = 0 13 · 0,66 ⇡ 0, 04 0, 35
v˜3 {(v13, v14), 12} [(v14, v10), (v10, v6)] 13 (1  1,56 ) ⇡ 0, 25 13 · 212 ⇡ 0, 06 13 · 06 = 0 0, 31
v0
~
vd
~
v3
~
0,29
0,81*
0,30
t2
v0 v3
v4 v7
v8 v11
v12 v15
v2
~v4
~
v1
~
P = [(v10, v6), (v6, v2), (v2, v1), (v1, v0)]
P˜ = [(v˜0, v˜1), (v˜1, v˜4)]
Comments: At t2, v˜1 is assigned to
(v11, v10). Three other vertices of G˜ are in
N˜ . Since edges of g˜ for all three v˜’s do not
match an edge of P, heuristic 2 is 0. Heuris-
tic 1 and heuristic 3 decide that v˜4 is the
next vertex in P˜ since it is “closest” to a
vertex of P and currently is the only v˜ as-
signed to an edge of P .
N˜ f˜(v˜x, t2) g˜(v˜x) H1 H2 H3
3P
i=1
Hi
v˜⇤1 {(v11, v10), 13} [(v10, v6), (v6, v5)] – – – –
v˜2 {(v11, v7), 23} [(v7, v3), (v3, v2)] 13 (1  1,34 ) ⇡ 0, 22 13 · 08 = 0 13 · 14 ⇡ 0, 08 0, 30
v˜3 {(v14, v10), 12} [(v10, v9), (v9, v5)] 13 (1  0,54 ) ⇡ 0, 29 13 · 08 = 0 13 · 04 = 0 0, 29
v˜4 {(v10, v6), 23} [(v6, v5), (v5, v1)] 13 (1  0,34 ) ⇡ 0, 31 13 · 08 = 0 13 · 0,64 = 0, 5 0,81⇤
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v0
~
vd
~
v5
~ v4
~
0,17
0,26
0,65*
t3
v0 v3
v4 v7
v8 v11
v12 v15
v3
~ v1
~
P = [(v5, v4), (v4, v0), (v0, v1)]
P˜ = [(v˜0, v˜1), (v˜1, v˜4), (v˜4, v˜5)]
Comments: At time t3, v˜4 is assigned to
(v6, v5). Note that initial shortest path P
was changed due to the absence of assigned
vertices to edge (v5, v1). P is now calculated
over (v5, v4). The score of v˜5 is significantly
higher than for v˜1 and v˜3. In this case, all
three heuristics score for v˜5: The vertex is
close to a vertex of P and g˜ matches the
future path of v˜5.
N˜ f˜(v˜x, t3) g˜(v˜x) H1 H2 H3
3P
i=1
Hi
v˜1 {(v10, v6), 13} [(v6, v5), (v5, v4)] 13 (1  1,63 ) = 0, 15 13 · 26 ⇡ 0, 11 13 · 03 = 0 0, 26
v˜3 {(v10, v9), 12} [(v9, v5), (v5, v1)] 13 (1  1,53 ) ⇡ 0, 17 13 · 06 = 0 13 · 03 = 0 0, 17
v˜⇤4 {(v6, v5), 23} [(v5, v1), (v1, v0)] – – – –
v˜5 {(v5, v4), 12} [(v4, v0), (v0, v1)] 13 (1  0,53 ) ⇡ 0, 28 13 · 46 ⇡ 0, 22 13 · 0,53 ⇡ 0, 06 0,56⇤
vd
~
v0
~
 t4
v0 v3
v4 v7
v8 v11
v12 v15
v5
~
P = []
P˜ = [(v˜0, v˜1), (v˜1, v˜4), (v˜4, v˜5), (v˜5, v˜d)]
Comments: At t4 the goal condition is ful-
filled, v˜d is an element of N˜ . The algorithm
terminates.
N˜ f˜(v˜x, t4) g˜(v˜x) H1 H2 H3
3P
i=1
Hi
v˜4 {(v6, v5), 23} [(v6, v7), (v7, v11)] – – – –
v˜⇤d {(v0, v1), 12} [(v1, v2), (v2, v3)] – – – –
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v5
~
v5
~ v4
~
v4
~
v1
~
v0 v3
v4 v7
v8 v11
v12 v15
v1
~
vd
~
v0
~
P = [(v15, v11), (v11, v10), (v10, v6),
(v6, v2), (v2, v1), (v1, v0)]
P˜ = [(v˜0, v˜1), (v˜1, v˜4), (v˜4, v˜5), (v˜5, v˜d)]
Comments: The initially calculated path
P and P˜ in comparison. The picture shows
the flexibility of the algorithm. It dynami-
cally adapts shortest path P when it cannot
be fully approximated in G˜.
5.5.2. LGHS-CD
The next example run shows how forward and backward mode of LGHS-CD are executed.
This section should give the reader a practical example of how routes and values for
crumbs are computed. LGHS heuristic values are attached to each arrow but details on
computations are skipped for simplicity. The next vertex selected by LGHS is marked
by a “*”. The same simple grid for the static graph is used as in the previous section
and a weight of 1 for every edge is assumed. The weight which is returned by f˜ is
out of 12 ,
1
3 ,
2
3 , 0. Except for the destination vertex v˜goal, only vertices contained in N˜
are shown. The remaining topology of the dynamic graph is unknown. The contents
of local memory M as well as results of each step of the forward/backward mode are
shown in the respective tables. The following default values are used: initial crumb value
(cdef = 100), crumb value decrease after each step cdec = 1, maximum weight for benefit
computation (wmax = 5), threshold for dissemination: 50, threshold for local storage:
50. Furthermore, decrease of crumb values is started after three steps in backward mode
(l = 3). The subgraph approximation is reduced to v˜start for simplicity.
v0
~
v1
~
v0 v1
v2
(v1,v2).w = 1 w(v1,v0,t) = 1,5
~
v3
w(v0,v1,t) = 0,66
crumb
Figure 5.11.: Properties of the static and the dynamic graph used for the example run
of LGHS-CD. Green arrows: crumbs in backward mode, red arrows: visu-
alization of g˜(vx), blue arrows: shortest path on static graph.
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t0
0,250,21
v3
v4 v7
v8 v11
v12 v15
0,48*
v2
~
v3
~ v1
~vstart
~
vgoal
~
Forward mode execution in v˜start
step action(s)
1a v˜start does not fulfill i
1b No crumbs. ! step
2a
2a vgoal ⇡ {(v15, v14), 0}
2b Set v˜next = v˜2
3a Update M
3b Continue in v˜2
M
v˜x f˜(vx, t0)  d g˜(v˜x)
v˜start {(v0, v4), 0} 13 {(v˜4, v˜8), (v˜8, v˜12)}
Comments: LGHS-CD is triggered in v˜start. At this point, no crumbs exist and v˜goal is
approximated by the application at {(v15, v14), 0}. LGHS determines v˜2 as best neighbor.
 d for v˜0 is calculated from f˜(v˜0, t   1)   f˜(v˜0, t   2). In this case it is assumed v˜start
was previously assigned to {(v1, v0), 23} and {(v1, v0), 13}.  d is therefore 13 .
v4
~
v5
~
0,52*
0,27
0,14
t1
v3
v4 v7
v8 v11
v12 v15
v2
~
vstart
~
vgoal
~
Forward mode execution in v˜2
step action(s)
1a v˜2 does not fulfill i
1b No crumbs. ! step
2a
2a vgoal ⇡ {(v15, v14), 0}
2b Set v˜next = v˜4
3a Update M
3b Continue in v˜4
M
v˜x f˜(vx, t0)  d g˜(v˜x)
v˜start {(v0, v4), 13} 13 {(v˜4, v˜8), (v˜8, v˜12)}
v˜4 {(v4, v8), 13} 23 {(v˜4, v˜8), (v˜8, v˜12)}
Comments: In t1 the situation is similar to t0.  d is calculated as 23 this time.
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vstart
~
vgoal
~t4
v3
v4 v7
v8 v11
v12 v15
v10
~ v8
~
v11
~
v6
~
0,47*
0,220,12
0,10
Forward mode execution in v˜8
step action(s)
1a v˜8 does not fulfill i
1b No crumbs. ! step
2a
2a vgoal ⇡ {(v15, v11), 12}
2b Set v˜next = v˜goal
3a Update M
3b Continue in v˜goal
M
v˜x f˜(vx, t0)  d g˜(v˜x)
v˜start {(v4, v8), 13} 13 {(v˜8, v˜12), (v˜12, v˜13)}
v˜4 {(v4, v8), 13} 23 {(v˜4, v˜8), (v˜8, v˜12)}
v˜10 {(v8, v9), 23} 0 {(v˜9, v˜5), (v˜9, v˜1)}
v˜6 {(v9, v5), 13} 13 {(v˜5, v˜1), (v˜1, v˜0)}
v˜8 {(v9, v10), 23} 13 {(v˜10, v˜6), (v˜6, v˜2)}
Comments: Jump in time to t4.
LGHS-CD is now active in v˜8. Dur-
ing the previous steps v˜10 and v˜6
were visited. M now contains in-
formation on these vertices.
vstart
~
vgoal
~
v8
~
v0 v3
v4
v7
v8 v11
v12 v15
t5
v13
~
0,28
0,31*
Backward mode execution in v˜goal
step action(s)
1a v˜start /2 N˜
1b v˜start ⇡ {(v4, v8), 23}
2a h(v˜8) = 0,31⇤, h(v˜13 = 0, 28)
2b Set v˜next = v˜8
3a No crumbs
3b Disseminate to v˜8, v˜13
M
v˜x f˜(vx, t0)  d g˜(v˜x)
v˜start {(v4, v8), 23} 13 {(v˜8, v˜12), (v˜12, v˜13)}
v˜4 {(v4, v8), 13} 23 {(v˜4, v˜8), (v˜8, v˜12)}
v˜10 {(v8, v9), 23} 0 {(v˜9, v˜5), (v˜9, v˜1)}
v˜6 {(v9, v5), 13} 13 {(v˜5, v˜1), (v˜1, v˜0)}
v˜8 {(v9, v10), 23} 13 {(v˜10, v˜6), (v˜6, v˜2)}
Comments: v˜goal fulfills i. Backward
mode is started. Approximation of edge
assignment for v˜start is as follows:
•  wavg = 15 · ( 13 + 23 +0+ 13 + 13 ) = 13
•  west =  t · 13 = (5  0) · 13 = 53
• With g˜(v˜start) contained in M and
 west ) v˜start ⇡ {(v4, v8), 23}
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vgoal
~
v8
~
v0 v3
v4
v7
v11
v12 v15
v13
~
t6
v11
~
v10
~
0,22
0,35*
0,18
0,11
vstart
~
Backward mode execution in v˜8
step action(s)
1a v˜start /2 N˜
1b v˜start ⇡ {(v8, v12), 0}
2a h(v˜10) = 0,35⇤, h(v˜11) = 0, 22,
h(v˜13) = 0, 18, h(v˜goal) = 0, 11
2b Set v˜next = v˜10
3a set crumb value 74
3b disseminate to v˜8, v˜11, v˜13
M
v˜x f˜(vx, t0)  d g˜(v˜x)
v˜start {(v8, v12), 0} 13 {(v˜12, v˜13), (v˜13, v˜9)}
v˜4 {(v4, v8), 13} 23 {(v˜4, v˜8), (v˜8, v˜12)}
v˜10 {(v8, v9), 23} 0 {(v˜9, v˜5), (v˜9, v˜1)}
v˜6 {(v9, v5), 13} 13 {(v˜5, v˜1), (v˜1, v˜0)}
v˜8 {(v9, v10), 23} 13 {(v˜10, v˜6), (v˜6, v˜2)}
Comments: Approximation of edge
assignment for v˜start is as follows:
•  west =  t · 13 = (6  0) · 13 = 2
• With g˜(v˜start) contained in
M and  west ) v˜start ⇡
{(v8, v12), 0}
In t6, v˜start is approximated as {(v8, v12), 0} (using  wavg of t5). Since v˜8 contains no
crumb, the initial value minit is calculated with M.nbck = 1 (one vertex has been visited
since backward mode), c = 1 and default values as described in the introduction to this
section. Using equation 5.1 this yields 100 · (1   122 )   1 · 1 = 74. According to Figure
5.8, the benefit is calculated in step 3b. Since g˜(v˜8) contains edge (v4, v8) that v˜start is
most probably assigned to, i.d gets stored locally and disseminated to all v˜ 2 N˜ .
vgoal
~
vstart
~
v8
~
v0 v3
v4
v7
v11
v12 v15
t7
v10
~
v15
~
v14
~
0,38
0,81* 0,14
Backward mode execution in v˜10
step action(s)
1a v˜start /2 N˜
1b v˜start ⇡ {(v8, v12), 13}
2a h(v˜14) = 0,81⇤, h(v˜15) = 0, 38,
h(v˜8) = 0, 14
2b Set v˜next = v˜14
3a set crumb value 48
3b no dissemination
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M
v˜x f˜(vx, t0)  d g˜(v˜x)
v˜start {(v8, v12), 13} 13 {(v˜12, v˜13), (v˜13, v˜9)}
v˜4 {(v4, v8), 13} 23 {(v˜4, v˜8), (v˜8, v˜12)}
v˜10 {(v8, v9), 23} 0 {(v˜9, v˜5), (v˜9, v˜1)}
v˜6 {(v9, v5), 13} 13 {(v˜5, v˜1), (v˜1, v˜0)}
v˜8 {(v9, v10), 23} 13 {(v˜10, v˜6), (v˜6, v˜2)}
Comments: Approximation of edge
assignment for v˜start is as follows:
•  west =  t · 13 = (7  0) · 13 = 73
• With g˜(v˜start) contained in
M and  west ) v˜start ⇡
{(v8, v12), 13}
In t7, v˜start is approximated as {(v8, v12), 13} (using  wavg of t5). Since v˜10 contains
no crumb, the initial value minit is calculated with M.nbck = 2, c = 2 and default
values as described in the introduction to this section. Using equation 5.1 this yields
100 · (1  222 )  1 · 2 = 48. According to Figure 5.8, the benefit is calculated in step 3b:
bv˜ =
40+0
2 = 20. This is below the threshold of 50. Hence, i.d is neither distributed nor
stored locally.
vgoal
~
v0 v3
v7
v11
v12 v15
v15
~
t8
v10
~v14
~
v17
~
vstart
~
Backward mode execution in v˜14
step action(s)
1a v˜start 2 N˜ ! v˜next = v˜start
1b -
2a -
2b -
3a set crumb value 22
3b disseminate to v˜10, v˜15, v˜17
M
v˜x f˜(vx, t0)  d g˜(v˜x)
v˜start {(v8, v12), 0} 13 {(v˜12, v˜13), (v˜13, v˜9)}
v˜4 {(v4, v8), 13} 23 {(v˜4, v˜8), (v˜8, v˜12)}
v˜10 {(v8, v9), 23} 0 {(v˜9, v˜5), (v˜9, v˜1)}
v˜6 {(v9, v5), 13} 13 {(v˜5, v˜1), (v˜1, v˜0)}
v˜8 {(v9, v10), 23} 13 {(v˜10, v˜6), (v˜6, v˜2)}
In t8, v˜goal is contained in N˜ . Steps 1b,
2a and 2b are left out. Initial crumb value
is calculated with M.nbck = 3, c = 3 and
default values as described in the introduc-
tion to this section. Using equation 5.1 this
yields: 100 · (1   322 )   1 · 3 = 22. i.d gets
stored locally and distributed to neighbor-
ing vertices since v˜start is assigned to an
edge contained in g˜(v˜14).
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vgoal
~
v10
~v14
~
v0 v3
v7
v11
v12 v15
v8
~
vstart
~
v4
v8
Result after eight time steps. The route was
established during backward mode through
v˜14, v˜10, v˜8. The closer to vgoal, the larger is
the crumb value as indicated by the width of
the green arrows. Maintenance procedures
ensure that the route keeps being consistent
with changes to the topology of the dynamic
graph.
5.6. Complexity Analysis
5.6.1. LGHS
In this section, the runtime complexity of LGHS is analyzed using the established O-
notation. The analysis gives the complexity for one run on a v˜ 2 V˜ . Table 5.5 shows the
sets that are used during the complexity analysis.
Set Semantic
|N˜ | Number of vertices in N˜
|P˜ | Number of vertices in shortest Path P on static G
|V | Number of vertices in static graph G
|E| Number of edges in static graph G
|V˜ | Number of vertices in dynamic graph G˜
|E˜| Number of edges in dynamic graph G˜
g Number of edges returned by g˜. In most cases the size of this set is smaller than |E|
Table 5.5.: Notations for sets used for complexity analysis
First, the complexity of functions f˜ , g˜ and w is considered. For the first two O(1) is
assumed. Both f˜ and g˜ can be implemented as lookup lists and therefore require constant
time for accessing an element. In the application domain, w calculates a distance between
two cars. This can also be seen as a basic operation and thus O(1) can be assumed.
Complexity of Phase 1
In Phase 1 the algorithm checks for the destination vertex by looking at all elements in
N˜ . The complexity of this operation is proportional to |N˜ | and thus is in O(|N˜ |). In the
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worst case |N˜ | contains all vertices of G˜, which results in O(|V˜ |) for Phase 1.
The next step of Phase 1 is to compute shortest path P to the destination vertex on
static graph G using Dijkstra’s algorithm. According to [Cormen et al., 2000a] the run-
ning time of a standard Dijkstra implementation is O(|V |2). However, [Cormen et al.,
2000a] describes a modified implementation using Fibonacci heaps [Cormen et al., 2000b]
resulting in a running time of O(|V |lg|V |+ |E|).
The last step of Phase 1 is to estimate future graph topology (Figure 5.2). The for-loop
is run |N˜ | times. The nested for-loop in line 14 g times. The worst case, when the g˜
returns all edges in G and |N˜ | contains all vertices of |G˜|, results in complexity class
O(|V˜ | ⇤ E).
Complexity of Phase 2
Phase 2 computes three heuristics (Figures 5.3, 5.4 and 5.5 (left)). All of these three
algorithms loop over all elements in N˜ and P . Since they do not depend on each other,
they were implemented in one outer and one inner for-loop for reasons of performance
optimization. It can therefore be concluded that the complexity using this approach is
in O(|P ||N˜ |). Assuming the worst-case scenario where |P | contains all edges of G, this
can be written as O(|E||N˜ |)
Complexity of Phase 3
The best neighbor decision can be integrated into Phase 2 by storing the vertex with the
highest heuristic score after each loop over N˜ . Therefore, Phase 3 does not contribute to
the complexity analysis.
Overall Complexity
Combining the individual results yields O(|V˜ | ⇤ E + |V˜ | + |E| + |V |lg|V |). The term
|V˜ |+ |E| can be neglected. Therefore, the overall complexity of LGHS is
O(|V˜ | ⇤ E + |V |lg|V |)
The interpretation of this result is that the running time of the algorithm is propor-
tional to the number of vertices in V˜ and edges in E. It scales logarithmically with the
number of vertices in V . This indicates that the algorithm is eﬃcient enough for large
static and dynamic graphs.
5.6.2. LGHS-CD
In this section the overall complexity of LGHS-CD is analyzed. As maintenance mode
runs independently from the forward and backward modes, it is considered separately.
The section proceeds by looking at the single steps of forward and backward mode and
then combining them into an overall complexity. As for LGHS, O-notation is used.
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Table 5.6.: Forward mode complexity analysis
Forward mode - complexity analysis
Step Action summary Complexity
1a Check goal condition O(1)
1b Check for crumbs O(log(|V˜ |))
2a Run LGHS O(|V˜ | · |E|+ |V |log(|V |))
2b LGHS best neighbor decision O(1)
3a Store delta O(1)
3b Copy M to v˜next O(1)
Overall complexity: O(|V˜ | · |E|+ |V |log(|V |))
Forward and Backward Mode
The individual steps of forward mode are listed in Table 5.6. The check for goal condition
(1a) is basically a comparison operation and can be achieved in constant time; hence the
complexity is O(1). In step 1b the largest crumb is to be determined. In a straightfor-
ward approach every n˜ 2 N˜ is checked, resulting in runtime O(|N˜ |). However, this can
be optimized by storing all values of known crumbs in a tree structure which then yields
logarithmic runtime for insert (set new crumb), delete (remove crumb), and read (find
largest crumb). Although the update operation is done in constant time, the frequency
of the other operations is higher and therefore a binary tree is the optimal choice. In
the worst case, when the whole graph is contained in N˜ , complexity rises from O(|N˜ |)
to O(|V˜ |).
Steps 2a and 2b are only executed if no crumb is available. However, they are included
for determining worst case complexity. Step 2a is basically LGHS, whose runtime was
identified in Section 5.6.1 as O(|V˜ | · |E| + |V |log(|V |)), and 2b (use results of LGHS to
determine best neighbor) is in O(1).
Computation of  d, mapping list m, and storing this information in v˜next can be com-
pleted in constant time. Hence, step 3 is in O(1).
The overall worst case runtime of forward mode is the same as for LGHS: O(|V˜ | · |E|+
|V |log(|V |)). This only applies for cases where no crumbs are available in a vertex and
LGHS is used as a fallback. For all other calls to forward mode, only step 1 and 3 are
executed and runtime is in O(log(|N˜ |)).
In backward mode, step 1a checks all elements of N˜ for v˜start. As for step 1b of forward
mode, depending on the data structure used for realization of N˜ this can be optimized
to O(log(|N˜ |)). Also here, complexity can change to O(log(|V˜ |)) if all vertices of the
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dynamic graph are contained in N˜ .
Approximation of the subgraph in step 1b iterates over all elements inM . Furthermore,
all edges for a vertex contained in M are examined in a worst-case scenario. Therefore,
subgraph approximation is in O(|M | · |E|). If every vertex G˜ was visited during forward
mode, this changes the complexity to O(|V˜ | · |E|). This is, however, unlikely in practice,
but since the worst-case scenario is analyzed, O(|V˜ | · |E|) for subgraph approximation is
assumed.
Step 2 of backward mode is basically an LGHS run. As determined in Section 5.6.1,
complexity is O(|V˜ | · |E|+ |V |log(|V |)).
Step 3a creates or updates an existing crumbs. Both operations can be done in constant
time. Creating a crumb involves computing the initial value according to equation 5.1.
Updating a crumb just increments the current value by a global constant cinc. In step
3b benefit is computed (Figure 5.8). The element check in line 8 can be realized using
a lookup table. The rest of the algorithm consists of a simple comparison in line 5, and
assignments. Therefore, benefit computation takes constant time (O(1)).
Overall complexity for backward mode of LGHS-CD is O(log(˜|V |) + |V˜ | · |E| + |V˜ | ·
|E|+ |V |log(|V |)). This can be further simplified to:
O(|V˜ | · |E|+ |V |log(|V |))
Combining complexities of forward and backward mode results in:
O(2 · (|V˜ | · |E|+ |V |log(|V |))) 2 O(|V˜ | · |E|+ |V |log(|V |))
LGHS-CD therefore is in the same complexity class as LGHS. It scales proportionally
with the number of vertices in the dynamic graph and edges in the static graph but
logarithmically with the number of vertices in the static graph.
Route Maintenance
consists of three independent operations that are executed when necessary. However, the
conditions introduced in Section 5.4.4 need to be checked periodically when f˜ updates
N˜ . Since all these conditions rely on the neighbors N˜ , the complexity is in O(N˜). As
for forward and backward mode, N˜ contains all vertices of G˜. Hence, worst-case runtime
for route maintenance is in O(V˜ ).
5.7. The Relation of LGHS and LGHS-CD to this Thesis
This chapter presented LGHS and its extension LGHS-CD which will contribute to im-
plementation of the Pull Paradigm on the network level in Chapter 7. The problem of
information discovery and retrieval was mapped to graph theory and solved within this
domain. In Section 4.3 the following missing aspects in unidirectional vehicular ad-hoc
networks with respect to the network level were identified:
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Table 5.7.: Backward mode complexity analysis
Backward mode - complexity analysis
Step Action summary Complexity
1a Check termination O(log(|V˜ |))
1b Approximate subgraph O(|V˜ | · |E|)
2a Run LGHS O(|V˜ | · |E|+ |V |log(|V |))
2b LGHS best neighbor decision O(1)
3a Create / Update crumb O(1)
3b Benefit computation O(1)
Overall complexity: O(|V˜ | · |E|+ |V |log(|V |))
• Unicast ad-hoc communication does not address the problem of discovering the
target node.
• Routing algorithms do not fully exploit special characteristics of vehicular ad-hoc
networks in order to ensure reliable communication.
Both are filled by the algorithms presented in this chapter. LGHS-CD introduced the
concept of crumbs and routes in order to “guide” requests to the respective information-
providing node(s) and speed up future discovery procedures. Special characteristics of
vehicular ad-hoc networks, e.g. high mobility, are approached using comprehensive route
maintenance procedures, future graph topology approximation, and the combination of
uniform-cost and heuristic search.
In Chapter 7 LGHS and LGHS-CD will be integrated as routing algorithms into the
Car2X network stack in order to support the Pull Paradigm on network level. The next
chapter deals with application categories and use cases for the Pull Paradigm.
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This chapter approaches the Pull Paradigm from the application level and builds on
previous results from Chapter 5. Table 6.1 shows four novel application categories that
are proposed in this thesis. Each of them consists of four use cases. All of them follow
the Pull Paradigm and therefore consider all artifacts that are part of the Car2X net-
works as an information resource. Additionally, two advanced applications of the Push
Paradigm are proposed. Both of them incorporate highly vulnerable road users, in this
case bicyclists, into the Car2X community. In this chapter each use case of each cate-
gory is further detailed. Descriptions follow a common structure: Overview gives a short
summary of the use case, and Implementation Aspects describes technical considerations
that have to be taken into account for implementation. This mainly addresses special
requirements with respect to the Pull Paradigm and refers to solutions that were de-
scribed in the previous Chapters. Finally, the Example Scenario presents the use case
from user’s perspective.
1.1 On-Demand Traffic Information System
1.2 Car2X-Enabled Charging Station for Electric Cars
1.3 Intelligent Start-Stop
1.4 Right of Way Conflict Resolution
2.1 Environmental Displays Optimized for Viewer Perspective 
2.2 Virtual Agents for Environmental Displays
2.3 Context-Aware Environmental Displays
2.4 Multiple Reality Environmental Displays
3.1 C2X Like Me Button
3.2 Eco-Score Communities
3.3 Ad-hoc Rides
3.4 Linking Environmental Displays and Social Networks
4.1 Majority Decisive Environmental Displays
4.2 Visual Bookmarking in Environmental Displays
4.3 Live Video Feeds
4.4 Microscopic Parking Lot Assistance
5.1 Visibility Enhancement for Bicycles
5.2 E-Bike Combined Battery and Communication Module
Additional Push 
Services
5 vulnerable 
road users
1 on-demand
Pull Services
2 environmental 
displays
3 social
4 personalized
Table 6.1.: Pull application categories and respective use cases of next generation vehic-
ular ad-hoc networks.
Furthermore, the concept of multiple reality is introduced in Section 6.6. Here, per-
ceivable characteristics of real objects are changed in such a way that information transfer
is directed, e.g. only the intended addressee is able to perceive the changes. This con-
cept will support additional Push applications mentioned above in order to incorporate
bicyclists into the Car2X community. A use case is described in Section 6.5.1, and a first
multiple reality implementation follows in Section 8.5.
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The last section of this chapter chooses use cases for implementation by applying a
selection process derived from the literature.
6.1. On-Demand Information Access
The first category concerns use cases in which the driver or vehicle actively requests infor-
mation from the C2X network (other cars or infrastructure). The desired information is
then fetched dynamically and presented to the driver. Applications use vehicular ad-hoc
communication to retrieve accurate and up-to-date information from surrounding cars
or infrastructure. A major diﬀerence from established ADAS is that the applications
are user-centric. Information is requested from the ad-hoc network on-demand. This
information could either be acquired by sensors or derived from them.
6.1.1. On-Demand Traﬃc Information System
Overview The On-Demand Traﬃc Information System uses vehicular ad-hoc commu-
nication to retrieve accurate and up-to date information from surrounding cars or infras-
tructure. It is a prime example of a Pull application: Information is explicitly requested
and retrieved over the ad-hoc network.
Implementation Aspects From an implementation point of of view, this kind of ap-
plication poses several challenges on the network and facility layer. As shown, today’s
protocols are primarily focused on information dissemination. Within this category of
Pull applications, however, point-to-point communication between two vehicles is needed,
e.g. between information seeking car and information provider. This presumes unicast
communication between vehicles that are most likely not within transmission range of
each other. Using a broadcast over the ad-hoc network is not feasible since it would
jam communication channels. Thus, there is missing an adequate routing algorithm on
the network layer. Furthermore, there is the question of information discovery: When
desired information is available from a car outside transmission range, this car has to be
discovered and information must be transported back over a highly dynamic network.
In order to approach these challenges, LGHS-CD will be used and integrated into the
network layer of the Car2X stack (see Section 7.6).
Current message types like CAMs and DENMs are also tailored to safety applications.
DENMs in particular contain such application-specific fields. Therefore, in Chapter 7
new message types will be defined for Pull applications.
Example Scenario The user is interested in information about the traﬃc jam she is
experiencing at the moment. Using the on-demand traﬃc information system, she asks
about the remaining length of this traﬃc jam. Normally, such a traﬃc event is formed by
slow-moving or stationary vehicles. This information can be used to detect the beginning
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U: When 
does this 
traffic jam 
end?
S: In 3 km
Figure 6.1.: Example scenario of the On-Demand Traﬃc Information System.
of a traﬃc jam. Since vehicle positions are known, an estimate of upcoming traﬃc can
be transported back to the EGO car.
6.1.2. Car2X-Enabled Charging Station for Electric Cars
Overview Today’s charging stations for electric cars are solely meant to transfer elec-
tricity to the car that is connected. They lack the ability to communicate with cars even
over wired charging connections. This very “thin” relationship oﬀers potential for new
applications in the Car2X domain. By introducing the Car2X-enabled charging station,
a variety of use cases can be realized. Even before the car connects, the station can
adjust charging voltage, announce its compatibility with the approaching car, or process
payments for charging. Using Car2X technology is even reasonable during the time the
car is connected. Existing charging stations need to be upgraded to a roadside station
while wired data transfer between the two parties requires new standards for plugs and
communication protocols.
Implementation Aspects Presence notification of a charging station can be achieved
using CAMs. However, it is necessary to add the type “charging station” to the possible
types of roadside units. Additionally, a charging station needs to announce its services
to surrounding cars. Types of services also need to be included in the list of available
services.
Communication between charging station and car has to be realized as unicast trans-
mission. LGHS can be used for this purpose. Depending on the final application, either
ad-hoc communication or mobile radio (to increase the transmission range of the charging
station) can be used.
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P
Response:
billing information
battery parameters
Request:
billing information
battery parameters
LTE
P
Figure 6.2.: Example scenario of a Car2X-enabled charging station. On the right picture,
the driver is informed about current charging state on her smartphone.
Example Scenario In an example scenario, a car is approaching the transmission range
of a Car2X-enabled charging station. Since the car’s voltage is low, it asks the driver
whether she wants to take this opportunity. The driver is able to reserve this charging
station by paying a small “reservation fee”. The station indicates this by blocking its
attached parking space to other cars. Furthermore, provider, billing information, and
charging parameters are requested from the car.
During charging, car and station stay connected and the driver is able to view current
charging status, remaining time, etc. This scenario is also depicted in Figure 6.2.
6.1.3. Intelligent Start-Stop
Overview Engine Start-Stop Systems are becoming more and more common even in
middle-sized cars. They turn oﬀ the engine during an intermediate stop. However, in
situations where the car stops only for a few seconds, it might be more eﬃcient to keep
the engine running. Using Car-to-Infrastructure as well as Car-2-Car Communication
this situation can be avoided. By requesting environmental information, remaining time
to engine start can be estimated. If this time is below a calculated threshold, the engine
can stay running. Note that this use case does not require user interaction.
Implementation Aspects The cars waiting ahead of the EGO may not all be in trans-
mission range. Therefore, the exact number can be acquired using LGHS-CD presented
in Chapter 5 and counting the hops.
Example Scenario When the car stops at a traﬃc light, this use case keeps the engine
running if it is determined that fuel consumption for a engine restart is higher than for
running the engine for x seconds, where x is calculated from remaining red time and
number of cars in front of the EGO vehicle.
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2s
3s4s5s
Figure 6.3.: Example scenario of the Intelligent Start-Stop use case. Blue (EGO) car
requests number of cars ahead as well as remaining red time from traﬃc light.
From this information, remaining stationary time for EGO is calculated and
fed into the Start-Stop system.
6.1.4. Right of Way Conflict Resolution
Overview In ambiguous traﬃc situations Car2X technology can be used to resolve con-
flicts. In a first phase, such a situation is detected. During the second phase, applications
on the cars involved communicate in order to resolve the situation according to a pre-
defined scheme. In the third and last phase the driver is informed about the negotiated
resolution. Following the principles of the Pull Paradigm, the first phase can either be
initiated by the application itself, or the driver can request a resolution from the system.
In the first case, the application needs to constantly scan for ambiguous traﬃc situations,
while in the second case this overhead is avoided.
Example Scenario In a situation where four cars approach an intersection at the same
time as shown Figure 6.4, right of way is undetermined according to traﬃc rules. Drivers
need to resolve this conflict by communicating face to face, which might be misunder-
stood. A Car2X application as proposed can identify the conflict and resolve it without
ambiguity for all parties.
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S: You go 
first
S: The car 
to your left 
will go first
S: The car on 
the opposite 
road will go 
first
S: The car 
to your right 
will go first
Figure 6.4.: Right of way conflict resolution example.
6.2. Car2X-Enabled Environmental Displays
The category of Car2X-enabled Environmental Displays describes use cases that make use
of so called environmental displays. With decreasing costs for large displays, they have
become more and more common for outdoor and indoor use during recent years. Typical
indoor applications are interactive information boards for shopping malls. Environmental
displays for outdoor use were introduced at bus stops or even in front of traﬃc lights as
a dynamic substitute for billboards. They mainly show advertisements or information
about current bus / train schedules. The use cases of this category aim for integration
of environmental displays into the Car2X Community.
6.2.1. Environmental Displays Optimized for Viewer Perspective
Overview From within a moving car, the environment is perceived as highly dynamic
even at low speeds. Visual perception capabilities of the driver are limited in such
situations. This use case optimizes presentations of an environmental display by adapting
to the current viewing angle of a moving car. Optimization is achieved by distorting the
image such that the image appears as if it is being views straight on.
Implementation Aspects Technically, viewing angle can be determined by using in-
formation contained in standardized Common Awareness Messages (see Section 2.2).
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Pos
Heading
Speed
Pos
Heading
Speed
t1 t2
Figure 6.5.: Example scenario of an environmental display optimized for viewer perspec-
tive.
However, update frequency of CAMs is typically 1 Hz and thus too low to adapt in real
time. Depending on the current speed limit, the eﬀect is likely to appear stagnant. This
makes it necessary to predict path and position during two updates. This prediction
is already part of an established safety-related use case described in Section 3.2. Cross
traﬃc assistance also predicts future vehicle positions by relying on CAM information.
Example Scenario The car in figure 6.5 is driving along a road with an environmental
display on the right side. The display shows an advertisement for a movie. The image is
distorted dynamically according to the viewing angle calculated from CAM information.
6.2.2. Virtual Agents for Environmental Displays
Overview The second use case of this category employs a virtual agent during interac-
tion with the environmental display. The idea is to use an abstract representation of an
agent within a car, e.g. a cartoon character. It is able to leave the car and fetch infor-
mation for the driver. While outside the car, it transforms into a person-like character
that becomes visible on the environmental display, naturally “fetches” desired informa-
tion and jumps back into the car. This visualizes the Car2X concept in a certain way
and makes it a more real experience. The jumping-out animation should be synchro-
nized between the two communicating parties, e.g. transition between the in-car screen
and the environmental display should be visible. The concept of virtual characters that
are present on various physical displays has already been researched in the past, e.g.
[Kruppa, 2006]. However, to the best of my knowledge, it has not been investigated
using Car2X Communication.
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In-car display Environmental Display
Figure 6.6.: Example scenario of an environmental display using a Virtual Character to
visualize information transfer.
Implementation Aspects This use case makes clear that certain Pull application can-
not be implemented using standardized Car2X messages. The fields of CAMs are neither
applicable nor intended for this kind of communication. When using ad-hoc communi-
cation, synchronization between environmental display and car as well as information
transfer needs to be realized. In order to be able to implement such an application, new
message types and a diﬀerent communication paradigm is needed.
Example Scenario The driver is interested in an advertisement shown on an environ-
mental display. While standing at a traﬃc light she says “Please give me more information
about this movie”. The system confirms the request and negotiates animation speed and
virtual character details with the environmental display. After completion, the car part
of the application signals the start of the animation.
6.2.3. Context-Aware Environmental Displays
Overview The connection between environmental displays and cars oﬀer the possibil-
ity to optimize content presentation depending on traﬃc situations. Animations, for
example, attract attention but also distract the driver from her primary task. Using
the possibilities of Car2X Communication, the complexity of the content presentation
can be adapted to the situation: During the red phase of traﬃc lights, short video clips
can be shown on the environmental display while during the green phase only static
information is displayed. Another possibility is the exploitation of larger font sizes for
faster-moving cars. While in the first example the traﬃc light communicates with the
display (Infrastructure to Infrastructure Communication), the second example uses Car
to Infrastructure Communication.
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SPaT SPaT
t1 t2
Figure 6.7.: Example scenario of an environmental display using context information for
content presentation.
Implementation Aspects Context-aware environmental displays can be realized using
CAMs and SPaTs. The latter (signal phase and timing messages) are used in applications
like the green light optimal speed advisory. They contain status information from traﬃc
lights. These can be used by the application in order to distinguish between red and
green phases.
Example Scenario Figure 6.7 depicts an example scenario for this use case. T1 on the
left shows a red phase. The environmental display recognizes this situation by evaluating
a SPaT message and presents a movie trailer. At the same time, audio is broadcast using
consumer WLAN, e.g. 802.11g which provides higher quality of service and reduces
packet loss to a minimum. Cars that have enabled this service will be able not only to
watch the trailer during the red phase but also to listen to it. When the traﬃc light
turns green in t2, the environmental display stops the trailer and presents a still picture,
e.g. movie poster. Also, audio broadcast is disabled.
6.2.4. Multiple Reality Environmental Displays
Overview Using the concept of multiple reality that will be introduced in Section 6.6,
this use case exploits individual perception of the physical objects. The idea uses environ-
mental displays augmented by multiple reality as traﬃc signs. This enables a personal-
ized one-to-one information transfer on publicly visible objects either because information
presented is not relevant for others or because privacy aspects have to be considered.
Implementation Aspects As for all use cases that are based on multiple reality, the
possibilities for technical realization are crucial. Within this thesis, a first multiple re-
ality implementation is presented in Chapter 8 that uses infrared light to exclude non-
participants from the communication.
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Take this 
exit!
Frankfurt -
Niederrad
Figure 6.8.: Example scenario of an environmental display augmented by multiple reality.
The text “Take the next exit” can only be perceived by the driver in the blue
car. The driver of the yellow car (right picture), perceives the name of the
exit.
Example Scenario Figure 6.8 illustrates this use case. On the left an individualized
one-to-one traﬃc sign is shown to the blue car. It indicates the driver to take the next
exit. In the right picture, the view for the driver in the yellow car is depicted. She only
sees the name of exit “Frankfurt - Niederrad” as this exit is not relevant for her. The two
pictures in Figure 6.8 show how the content of the signs in perceived by each driver at
the same time.
6.3. Linking Vehicular Ad-hoc Networks with Online Social
Networks
People use social networks on a daily basis. The mobile versions allow them to interact
from anywhere and cars are no exception. The profiles that users upload on social
networks feature structured lists of personal information, preferences and characteristics.
This opens an opportunity for finding common interests between people within the same
social network. The introduction of this to the Car2X domain means that the fact
that people are in the same location can be exploited (also see [Castronovo et al., 2011b;
Mitrevska et al., 2012]). Thus, by combining both, limitations of anonymous and socially-
isolated driving can be overcome. This category of use cases provides examples of how
social networks can be introduced in the existing domain of Car2X.
6.3.1. C2X Like Me Button
Overview It has become common practice to “like” certain objects on the internet.
This refers to nearly every virtual building block of the world wide web: blogs, images,
products and so on. The process of “liking” triggers an entry on the personal social
network page of the user and thus the information is shared with a previously-defined
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LTE 802.11p + LGHS-CDU: I like this church
Figure 6.9.: C2X Like Me Button example scenario. After the user states her request,
802.11p and LGHS-CD are used to determine the physical object. Via LTE
the liked church is posted on the user’s personal page.
group of people. The transfer of this process to real-life objects can enhance the driving
experience and Car2X is a key technology for realization. The idea is basically the
possibility to like any physical object in view of the driver: other cars, buildings, shops,
points of interests.
Implementation Aspects From an implementation point of view, this use case is chal-
lenging for Car2X technology. Wireless ad-hoc communication as well as mobile radio
can be used for realization. The latter would require a model of the environment to be
downloaded into the car. When the user asks to like an object this model is queried
and shared among friends. The usage of ad-hoc communication requires objects to be
equipped with this technology. Then, the object to be liked has to be identified and
disambiguated. This demands new message types as standardized CAMs or DENMs
only contain limited information. Also, an ad-hoc search process among the physical,
Car2X-enabled objects has to be started. As this is not possible in state-of-the-art Car2X
networks, LGHS-CD can implement this feature.
Example Scenario In Figure 6.9 an example scenario is shown. The user wishes to like
a church in front of her. As the building is not in transmission range, LGHS-CD over
wireless ad-hoc networking is used to discover the desired object. On success, LGHS-CD
returns the information and the application running on the vehicle updates the status
page of the user via LTE.
6.3.2. Eco-score Communities
Overview Eco-friendly driving is a key factor for curbing carbon dioxide emissions.
Following the goal of the social use-case class, the driving style of friends is used to
motivate or challenge drivers to drive in a more eco-friendly way. This introduces an eco
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score and reminds friends of their current status within the community.
S: This hilly road has 
been travelled by a 
friend of yours using 
6.5 l/100km. Can you 
do better?
Figure 6.10.: Example scenario of an eco-score community.
Implementation Aspects This use case can be implemented using cellular radio like
LTE.
Example Scenario In Figure 6.10 an example scenario is shown. The driver is ap-
proaching a hill and the system has access to the fuel consumption of friends within the
community. Using this information the system can provide this score to the driver before
she reaches the hill and challenge her to do better.
6.3.3. Ad-hoc Rides
Overview Navigation systems often come as standard equipment in today’s cars and are
therefore disseminated widely. If activated, the system is aware about the current route
and destination. This information is already exploited in an established Car2X use case.
The traﬃc light assistant (see Section 8.1.4) which was implemented for simTD highlights
the most probable path when approaching an intersection. One of the criteria for the
most probable path is the route set in the navigation system. The proposed use case
ad-hoc rides also uses this information and sends it to a central service. Users outside
the car who want a ride connect their smartphone to this service. The application then
brings together car drivers as “mobility providers” and pedestrians as “mobility users”.
Mobility is provided spontaneously (ad-hoc) and as a service.
Implementation Aspects From an implementation point of view this use case can be
realized via a central service using cellular technologies but also ad-hoc communication is
conceivable. However, this can only be reliable in dense traﬃc. For the latter, LGHS-CD
can be used for discovering an information provider.
Example Scenario An ad-hoc example is shown in Figure 6.11. In this example, driver
and pedestrian are connected to a central service. After the pedestrian communicates her
need a ride to the central service, cars with a matching route are notified. The driver can
then decide whether to accept or reject the request. If the driver agrees, the application
brings together mobility provider and mobility user.
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mobile radio
mobile radio
central service
Figure 6.11.: Example scenario of an ad-hoc ride.
6.3.4. Linking Environmental Displays and Social Networks
Overview This use case creates a bridge between environmental display, car, and social
network. First, the driver signals her interest in the content currently shown on the
display. The car then requests a “content hint” from the environmental display using
vehicular ad-hoc communication. After that, the application queries an online service
via mobile radio (LTE) in order to retrieve additional information on the content. This
approach is robust against transmission errors caused by the car traveling out of range
of the display. The introduced “content hint” can be transmitted in one single packet.
The social network is also connected using LTE.
Implementation Aspects As for other applications within the Pull Paradigm, unicast
communication between the environmental display and the car is required. This is not
possible using the established Car2X network stack. Therefore, new message types and
unicast oriented communication needs to be added in order to implement this application.
Communication between online services and the car can be realized using state-of-the
art IP-based protocols over mobile radio. Furthermore, data fields contained in regular
CAMs are also not applicable to this scenario. An additional field for the presence
information of environmental display has to be added.
Example Scenario Bob has a C2X-equipped car. He drives to work and passes by
a billboard. It shows a commercial about the new James Bond movie. Bob asks his
car: “What is this movie?” The in-vehicle system recognizes the question refers to the
billboard and sends a content request C2X message to the billboard using C2X Commu-
nication technology. The billboard responds with a message about the current content:
name of the movie and the cast. The in-vehicle system tells Bob this is a James Bond
movie and asks if he wants tickets. Bob answers: “yes and please ask Alice if she wants
to join”. The system now sends another message to the billboard asking about purchase
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1. Request:
Movie ID
2. Response:
Movie ID
LTE
3. 
Movie Trailer
Cinemas
Invite Friends
Reservation
Figure 6.12.: Example use case involving environmental display and social network. 1,2:
Request movie id from display and response using vehicular ad-hoc commu-
nication. 2: Contact online service via mobile radio (LTE). Retrieve trailer,
make reservations after asking friends to join.
information. The system also connects with a social network and sends a message to Al-
ice asking if she is interested in going to see the movie with Bob. The billboard responds
with a link for buying tickets. The in-vehicle system proceeds with this information.
6.4. Personalizing Car2X Applications
Personalizing a driver’s workplace is a common feature of the modern car. Besides
providing comfort, personalization also increases safety while driving. Diﬀerent types
of sensors provide important data that form the basis for adaptive applications. C2X
technology can be used to complement the variety of sources to provide adaptive systems.
6.4.1. Majority-Decisive Environmental Displays
Overview The connection between vehicles and environmental displays allows a highly
dynamic content presentation. This was already shown in use case 2.3 (context-aware en-
vironmental displays). Another interesting application in this context are environmental
displays that select their presentations according to certain metadata received by vehicles
in transmission range. According to this metadata, presentations would be personalized
to the majority of the receivers.
Implementation Aspects The standardized common awareness message is not entirely
suitable for a realization of this use case. Although already contained information can be
used (speed, heading, etc.) there are other interesting parameters that are not available,
e.g. gender or age of the driver. Therefore, either a new message type or modified
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SPaT
g:femaleg:femaleg:male
female: 2
male: 1
Figure 6.13.: Example scenario of a majority-decisive environmental display showing a
personalized advertisement tailored to a certain group of people.
CAMs need to be defined. In order to limit communication overhead, environmental
displays would request such “augmented messages” and vehicles only in this case would
send enhanced information.
Example Scenario In Figure 6.13 an example of a majority-decisive environmental dis-
play is shown. During the red phase of a traﬃc light, the environmental display requests
metadata “gender” from Car2X enabled vehicles. Since the majority of received messages
reveal female drivers looking in the direction of the environmental display, an advertise-
ment tailored to women is displayed.
6.4.2. Visual Bookmarking in Environmental Displays
Overview The term “visual bookmarking” has been established in desktop browsing.
It allows the user to store a visual reference to web pages. Additionally, tags can be
attached to the bookmark. This makes it easier to find a web page later on. The use
case “visual bookmarking in environmental displays” transfers this idea to the automotive
domain. It allows the driver to store visual content of the display as well as pointers to
additional information upon request. At a later point in time the driver can then safely
browse the content and retrieve additional information.
Implementation Aspects From an implementation point of view this use case relies on
two wireless communication technologies: mobile radio and vehicular ad-hoc communi-
cation. First, the car requests an ID from the display. Second, a picture and pointers
to additional information are downloaded using an internet connection. This makes the
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1. Request:
Content ID
2. Response:
Content ID
LTE
3. 
Picture
Additional Info
Figure 6.14.: Example scenario of a visual bookmark. Upon request, the content ID is
retrieved from the environmental display. Additional information is down-
loaded using an alternate wireless communication technology.
application robust against the limited transmission range of the environmental display as
relevant information can be retrieved in one single packet. As for other Pull applications,
unicast communication is needed.
Example Scenario An example scenario is shown in Figure 6.14. After retrieving several
visual bookmarks the driver can browse stored content at a later point in time.
6.4.3. Live Video Feeds
Overview Access to webcams was one of the added-value services evaluated in simTD.
This gave drivers visual access to transport nodes. The connection was realized via
cellular networks (UMTS) and pictures were downloaded at regular intervals, i.e. no live
video (also see Section 3.4). Other approaches by [Gorius et al., 2013, 2012] provide video
streaming over 3G/4G networks. The novel use case “live video feeds” proposes a similar
functionality using the vehicular ad-hoc network for providing real-time video. A driver
can request video streams from other cars and the feed is streamed over other cars.
Implementation Aspects This use case poses several challenges from an implementa-
tion point of view. It needs a stable connection from requesting to sending car. Addi-
tionally, the route between these two cars might change with network dynamics, i.e. a
stable routing algorithm is required. Implementing LGHS-CD (see Chapter 5) as such a
routing algorithm within the network layer allows a realization of this use case.
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Figure 6.15.: Example scenario of C2X live video feeds.
Example Scenario In Figure 6.15 an example scenario is shown. The blue car requests
a video stream from the car driving in front. As it is out of communication range, LGHS-
CD is used to discover a stable and shortest path to the sender. Once found, LGHS-CD
delivers the stream to the requesting car. Note that the route maintenance procedure of
LGHS-CD copes with fast topology changes of the vehicular ad-hoc network.
6.4.4. Microscopic Parking Lot Assistance
Overview Searching for a free parking lot can be cumbersome during rush hour. Some
cities guide traﬃc by showing the availability on public displays throughout the urban
space. This macroscopic support is useful for driving to the right parking lot. However,
upon arriving it is up to the driver to find an empty spot. If there are only few available
it is like looking for a needle in a haystack. The Car2X-based parking lot use case is an
assistance system that provides microscopic and up-to-date status of spaces of a parking
lot. It supports the driver in finding the way from the entrance to the assigned parking
lot. The use case assumes an “always-on” feature in every parked vehicle, e.g. every car
is able to send and receive messages while the engine is powered oﬀ. This is an important
feature of electric cars.
When requesting an empty parking lot, the car sends out a query over the vehicular
ad-hoc network. Parked cars can then return empty spots to the requesting car.
Implementation Aspects This use case can be realized by using several sensors available
in modern vehicles. It is important to mention that a GPS signal is most likely not
available in a parking garage. In order to be able to guide the driver to her parking
space, a map is generated by merging sensor data from cars that previously entered
the parking garage. This approach is similar to the dynamically generated roadwork
geometry from the roadwork information system (see Section 3.3.4). In this use case,
however, the map of a parking garage is not derived from GPS data but from vehicle
speed, steering angle, and barometric height measurement. The last sensor data reflects
to the number of available parking levels.
An empty spot can also be detected by proximity sensors. This use case relies on point-
to-point ad-hoc communication which is not possible in state-of-the-art Car2X networks.
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t1 t2
Figure 6.16.: Example scenario of microscopic parking lot assistance.
Therefore, LGHS-CD is essential on the network layer. New message types for Car2X
based information requests have also to be defined on the facility layer.
Example Scenario In Figure 6.16 a simple example of this use case is shown to give the
reader an idea how it works. It is simplified in the sense that only a 2D representation
of the problem is given, i.e. diﬀerent levels of a parking garage are not shown. The
blue car is requesting an empty parking space and LGHS-CD is used to retrieve the
desired information over the ad-hoc network. In this example the first car that receives
the request is sensing a blocked space and forwards the message. The answer is then
generated by a car that is parking next to an empty spot.
6.5. Additional Push Applications
This section presents additional Push applications that involve highly vulnerable road
users. Up to now, bicyclists have not been included in the Car2X-Community.
6.5.1. Visibility Enhancement for Bicycles
Overview The use case of cross-traﬃc assistance within the Push Paradigm increases
safety in potentially dangerous situations at intersections (see Section 3.2.3). A variant
of this use case is the cross-traﬃc assistance of BMW that includes a motorcycle. In the
intended scenario the motorcycle is driving on a major road and approaches an inter-
section. At the same time a car also reaches the same intersection. If the car’s driver
is unlikely to yield, the visibility of the motorcycle increases. Headlights and additional
mounted LED warning lights come on. At the same time the car autonomously issues
30% of the car’s braking power.
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This additional Push use case transfers this concept to bicycles as pictured in Figure
6.17. The situation is similar to the cross-traﬃc assistance but includes a bicycle. What
needs to be considered is that bicycles do not come with a large amount of technology.
This use case therefore proposes a small-footprint architecture that relies on existing
components where possible.
CAMs
Increase
Visibility
Figure 6.17.: Visibility Enhancement for bicycles. Application logic on the car (blue) de-
tects a potentially dangerous situation and requests visibility enhancement
from the bike.
Implementation Aspects Although this use case is related to cross-traﬃc assistance,
implementation poses several challenges. The small-footprint architecture on the bike has
to be carefully designed. Since only the car assesses the situation, existing message types
for requesting visibility enhancement are not applicable. As for other (Pull) use cases
new message types have to be defined. Furthermore, visibility enhancement technologies
for bikes need to be considered. A detailed discussion of this topic will follow in Section
6.6, where the multiple reality model is introduced.
Example Scenario In Figure 6.17, sensor data that is included in CAMs is acquired
from the bicyclist’s smartphone. It is connected via Bluetooth to the communication
module on the bike. Because computing power on the bike is limited, situational assess-
ment is solely done on the car which — in case of an impending crash — then requests
visibility enhancement from the bike.
In Section 8.5 an implementation of this use case will be presented.
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6.5.2. E-Bike Combined Battery and Communication Module
Overview Recent advances in bike technology led to the availability of electric bikes
(e-bikes) that feature an electric-powered engine which assists the rider during cycling.
Batteries on the bicycle’s rack or frame supply the engine with power. With the availabil-
ity of electric power on bikes they can potentially carry additional information technology,
such as a communication module. Similar to the visibility enhancement for bicycles, this
use case makes use of smartphone sensors. But with the additional technology present
on an e-bike, the smartphone also gains access to the bike’s sensors. This bi-directional
information transfer enables a variety of applications (see example scenario below).
Fleet Management
position
updatespuncture
replace
battery
Figure 6.18.: Use case for the combined battery and communication module: fleet man-
agement of e-bikes.
Implementation Aspects Besides the considerations presented in Section 6.5.1, the
integration of a communication module into the e-bike’s battery is a major challenge for
this use case. It is further discussed in Section 10.3 where a demonstrator of this use
case is described.
Example Scenario The proposed scenario is a fleet management system for e-bikes as
depicted in Figure 6.18. With the smartphone being able to access the battery and
other bike sensors, it can use its mobile connection to inform the fleet management of
the current bike status. The fleet management, on the other hand, can then send out
maintenance teams to a specific to a bike. Using the smartphone’s GPS receiver the
exact position can be determined. This also enables the fleet management to verify and
change the distribution of the fleet. Payments for rental companies can be processed via
the smartphone.
Of course, safety-relevant functions can be added as well. The small-footprint archi-
tecture as outlined in 6.5.1 can be combined with the battery. Section 8.5 will analyze
136
6.6. The Multiple Reality Model
the requirements of such an architecture and present an implementation.
A demonstration of the fleet management component was given to the public at Mobile
Word Congress (MWC) 2013, Barcelona, Spain. A full description of the demonstrator
is presented in Section 10.3.
6.6. The Multiple Reality Model
Car2X-based applications and IVIS come with a variety of capabilities to notify/warn the
driver of upcoming events. The common practice is to use visual or auditory modalities.
Visual notifications are often realized as displays but also warning lights that are inte-
grated into the car’s dashboard. In modern cars there are also head-up displays (HUDs)
where information is projected on the windshield. So far, this technology has been used
for displaying information that can be obtained from onboard sensors, like navigation in-
structions or current speed. To the best of my knowledge HUDs have not been combined
with Car2X technology.
Besides information that is displayed within the car, Chapter 3 describes a use case
which diﬀers from these common notification approaches: The lateral cross-traﬃc assis-
tant uses auditory and visual means of other road users involved. In a nutshell, in a case
of an impending crash, the system on the motorcycle switches on headlights, additional
LED warning lights and the horn. Looking deeper into the system, it turns out that
both applications, the one running on the motorcycle and the one running on the car,
act independently from each other. The assessment of critical situations relies on bea-
coning information. This approach to information delivery has an obvious drawback as
it attracts the attention of other, uninvolved road users as well. This might also result in
unnecessary distraction from the primary task. In the following, the term “full reality”
refers to applications using this approach.
In order to avoid distracting other road users, one could use “augmented reality”. Here,
data from video cameras are used, the pictures analyzed to find certain patterns. Then,
overlays or warning messages/tones are generated. In contrast to the described lateral
cross-traﬃc assistant, other parties remain uninvolved. Another advantage is the possi-
bility of individual information delivery by using only one information resource. However,
this approach requires a fairly large amount of computational power, and tracking while
driving is also error prone.
The Multiple Reality Model combines benefits of both approaches: Information trans-
fer is directed to the intended addressee while tracking objects is robust at the same
time. (see Table 6.2). This goal is achieved by changing the perceivable characteris-
tics of objects. In contrast to the described example of lateral cross traﬃc assistance,
both parties do not assess a situation independently. Following the “Pull Paradigm” the
perceivable characteristics are changed upon request using Car2X Communication. The
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Augmented
Reality
Multiple
Reality
Full
Reality
Tracking
robustness
objects have to be rec-
ognized and tracked
via error-prone pat-
tern recognition
very robust as perceivable characteristics are
changed in real environment
Directed directed not directed
Perceivable by perceivable only by intended addressee perceivable by every-
one
Table 6.2.: Analysis of the described approaches to visibility enhancement in means of
robustness, addressee direction and perceivable characteristics. Both aug-
mented and full reality show drawbacks (red) while the proposed multiple
reality approach combines benefits of both, augmented and full reality.
increased visibility of a multiple-reality-enhanced cross-traﬃc assistance is only visible
for the intended addressee. The information request then contains details on how per-
ceivable characteristic are to change in order to direct the visibility enhancement. For a
first proof-of-concept implementation see Figure 8.17.
6.7. Selecting Use Cases for Implementation
This chapter presented four novel application categories for next-generation Car2X net-
works. Each category was supplemented by a number of example use cases that further
described the categories. Furthermore, two additional safety applications were presented.
Within the scope of this thesis three use cases will be implemented for demonstration
purposes. In order to select the top three among the ones presented in this chapter, a
well-established selection process is applied. This process revealed these three use cases:
• On-demand traﬃc information system
• Context aware environmental displays
• Visibility enhancement for bicycles
The following describes the selection process and gives information on how this decision
was reached.
6.7.1. The Analytic Hierarchical Process (AHP)
Among others, the Analytic Hierarchy Process (AHP) [Saaty, 1987] has a profound back-
ground in mathematics and psychology and was applied to numerous decision problems
in the past. Results of the AHP are weights (wi) and individual scores (si) for each
criterion that was found relevant for alternatives of a decision. Each alternative is then
assigned a total score S by the formula
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Intensity of importance on 
an absolute scale
Definition Explanation
1 Equal importance Two activities contribute equally to the 
objective
3 Moderate importance of one over 
another
Experience and judgement strongly favor 
one activity over another
5 Essential or strong importance Experience and judgement strongly favor 
one activity over another
7 Very strong importance An activity is strongly favored and its 
dominance demonstrated in practice
9 Extreme importance
The evidence favoring one activity over 
another is of the highest possible order 
of affirmation
2,4,6,8 Intermediate values between the two 
adjacent judges
When compromise is needed
Reciprocals
If activity i has one of the above 
numbers assigned to it when compared 
with activity j, the j has the reciprocal 
value when compared with i
Rationals Ratios arising from the scale
If consitency were to be forced by 
obtaining n numerical values to span the 
matrix
Table 6.3.: Fundamental scale of the AHP reproduced from [Saaty, 1987].
S =
nX
i=0
wisi
such that
nX
i=0
wi = 1
with n as the number of criteria. Alternatives in the context of this thesis are of course
the use cases presented in this chapter. The AHP was also applied in project simTD
for selecting functions that should be evaluated during the field operational test. Addi-
tionally, a direct selection of use cases accompanied the AHP. The interested reader is
pointed to a summarized description of this process and results in [Schaaf et al., 2011].
Detailed information on criteria, weights, and scores can be found in one of the publicly
available project deliverables [Passmann et al., 2009]. The AHP was mainly chosen be-
cause some of the criteria were already elaborated in the project simTD and there found
to be adequate for a comparable decision problem.
The process of solving a decision problem with the AHP starts by generating a hier-
archy of criteria that are considered relevant for the problem. In a next step priorities of
the individual criteria are assigned by pairwise comparison of these (sub-)criteria. This
generates priorities that can be synthesized to a weight of a criterion which is assigned
to the parent node in the hierarchy. Pairwise comparison judges relative importance of
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Criterion Comment Weight (wi) Rank
Pull Paradigm The use-case demonstrates the 
Pull Paradigm well
0,275 1
Experienceability
Benefit of this use-case is 
perceivable and visible to 0,232 2
Vehicle Demo
Prospects of demonstration in 
test-vehicle are good 0,229 3
Implementation Use-case can be implemented 
with low effort
0,125 4
Simulator Demo Prospects of demonstration in 
simulator are good
0,066 5
Usability The use-case is intuitive, can 
be learned and is usable
0,052 6
Market acceptance
Prospects of market acceptance 
are good 0,020 7
Table 6.4.: Weights calculated from comparison matrix.
two (sub-)criteria A and B on a “fundamental scale” defined by AHP (see Table 6.3),
e.g. if criterion A is considered extremely important over B it is assigned a value of 9.
This value is entered at position (i, j) in a matrix where i and j denote row and column
of criteria A and B respectively. According to the author of AHP in [Saaty, 1987], this
leads to a matrix of order n and n(n  1)/2 pairwise comparisons, where again n is the
number of criteria. The resulting matrix is reciprocal and values on the diagonal are
always 1 because it always contains criteria compared to themselves (see also Table 6.3).
6.7.2. Applying the AHP to Select Use-Cases for Implementation
Without giving mathematical details of the AHP here, literature derives weights of as-
signed priorities by calculating the principal and normalized eigenvector of the matrix
[Saaty, 1987]. With this local scale, the priority of the parent is weighted resulting in a
global scale. Depending on the depth of the hierarchy tree this has to be repeated until
all levels of sub-criteria have contributed to the parent criterion.
Before the next section applies the AHP to the decision problem of which use cases
to implement in this thesis, a note about consistency: Consider a comparison matrix
where aij denotes the preference of criterion i over criterion j and ajk the preference
of criterion j over criterion k. Then one would expect the value for aik to be aijajk.
However, in practice this is not always the case, leading to inconsistency in the matrix.
The AHP measures this phenomenon by the consistency ratio (CR). Details on how CR
is calculated can be found in [Saaty, 1987] but it should be noted at this point that the
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Category # Name Score
1.1 On-Demand Traffic Information System 0,946
1.2 Car2X-Enabled Charging Station for Electric Cars 0,698
1.3 Intelligent Start-Stop 0,348
1.4 Right of Way Conflict Resolution 0,423
2.1 Environmental Displays Optimized for Viewer Perspective 0,733
2.2 Virtual Agents for Environmental Displays 0,684
2.3 Context-Aware Environmental Displays 0,925
2.4 Multiple Reality Environmental Displays 0,634
3.1 C2X Like Me Button 0,614
3.2 Eco-Score Communities 0,444
3.3 Ad-hoc Rides 0,457
3.4 Linking Environmental Displays and Social Networks 0,758
4.1 Majority Decisive Environmental Displays 0,535
4.2 Visual Bookmarking in Environmental Displays 0,722
4.3 Live Video Feeds 0,686
4.4 Microscopic Parking Lot Assistance 0,631
5.1 Visibility Enhancement for Bicycles 0,922
5.2 E-Bike Combined Battery and Communication Module 0,877
5 additional 
Push
1 on-demand
2 environmental 
displays
3 social
4 personalized
Table 6.5.: Final scores according to the AHP. Selected use cases are boldfaced.
AHP considers a comparison matrix consistent if CR is .10 or less.
With applying the AHP to the selection problem “Which of the presented use cases
are most appropriate for demonstrating the results of this thesis?” seven criteria were
found to be relevant. Note that for simplification only one level of hierarchy was used.
Furthermore, calculations were made with the help of a freely available Excel sheet that
implements one level of the AHP1.
Some of the seven criteria were taken from the use-case selection procedure in the
project simTD but specific ones for this thesis were added, e.g. how well a use case
demonstrates the Pull Paradigm. The complete list is shown in Table 6.4 along with re-
sulting criteria weights. As one would expect, use cases demonstrating the Pull Paradigm
are rated higher than, for example, the criterion “market acceptance”. It was also found,
that experienceability and (specific to this thesis) an implementation in a test vehicle
is important. These three criteria will contribute most to a decision. The comparison
matrix and individual scores for criteria on the use-case level can be found in Appendix
A. The CR for the comparison matrix was calculated as .068 which is below the threshold
of .1 and therefore the result can be considered consistent according to the AHP.
The result after assigning scores to each criterion on the use-case level is shown in Table
6.5. Again, detailed results can be found in Appendix A. By far, the on-demand traﬃc
information system (score: .946), context aware environmental displays (score: .925),
and visibility enhancement for bicycles (.922) scored highest and were selected in order
1http://bpmsg.com/new-ahp-excel-template-with-multiple-inputs/
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to demonstrate the results of this thesis. The reason for this selection lies in the judgment
of the three main criteria (vehicle demo, pull paradigm, and experienceability). Hardware
resources at DFKI include two test vehicles and a 70-inch environmental display. This
explains the high grades for these use cases. Although the on-demand traﬃc information
system cannot be shown with more than two cars, experienceability is considered high.
Availability of the environmental display also led to a high ranking of all use cases where
such displays are involved. Implementations are described in Chapter 8.
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7. PADE: Simulating and Deploying
Bidirectional Car2X Applications
7.1. Structure of PADE
In this chapter, the Car2X platform for application development and evaluation (PADE)
is designed and implemented. It constitutes a software platform that supports develop-
ment of bidirectional Car2X applications and contributes to the practical part of this the-
sis. Furthermore, it is well-integrated in the established technology of the Push Paradigm
and thus is also supported. Hence, it addresses Research Question 4 as defined in Section
1.3. The architecture of PADE is based on the layered composition of the Car2X network
stack, but greatly enhances it by adding additional software modules. The modules that
contribute to the layers can be deployed either individually or in arbitrary combinations
depending on the intended application. Since this thesis considers human factors and the
specific requirements of the underlying communication technology in a combined way,
PADE modules are present on each layer except PHY and MAC. The MAC and PHY
layers are taken from the existing stack because no requirements for the Pull Paradigm
were identified in Chapter 4. The modules of PADE are:
• Application Module
• Abstraction Module
• Presentation Module
• Messaging Support Module
• LGHS-CD Module
• Simulation Module
• Communication Module
The Application Module provides programming interfaces for implementing com-
patible Car2X applications in PADE. The framework connects to the abstraction module
and delivers messages and events from the network to the application. Furthermore,
methods for building and sending messages are available.
The Abstraction Module introduces a new layer in the Car2X network stack that
abstracts from the underlying runtime environment. C2X PADE supports the develop-
ment of applications that either run in simulation or are integrated into a test vehicle.
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Figure 7.1.: PADE’s layered architecture. It introduces a novel abstraction layer and
enhances established layers of the Car2X network stack in order to support
Pull applications.
Both runtime environments are by no means compatible in terms of timing, messaging
formats, protocols, and APIs. The abstraction module of PADE provides a common
C2X message format to the application layer and maps it to the requirements of the
simulated or integrated facility layer respectively. The simulation module is based on
discrete simulators, e.g. a simulated clock advances time in discrete steps, whereas each
time-step is possibly not in real time. However, non-simulated wireless communication
is obviously executed in real time. This aﬀects how the clock is implemented in the
application depending on the runtime environment.
Networking and transportation protocols also diﬀer and need to be abstracted for the
application. The same applies to APIs to both runtime environments. The abstraction
layer of PADE provides these features.
The Presentation Module realizes a framework which is able to model, build and in-
tegrate Human Machine Interfaces for automotive applications. It is specifically tailored
to Car2X-based applications but has also been successfully applied to other automotive
applications (cf. Chapter 8). Besides the actual framework, it specifies a workflow for
HMI design and implementation which has been constantly improved in several Car2X
research projects (see also Chapter 8). Its full potential in the field is exploited when
several independent running applications compete for limited resources on the HMI. It
then behaves as a coordinator assigning HMI resources and on-time presentation slots
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to the applications while not overloading the display at the same time. To do this, it
chooses appropriate “display strategies” for requested presentations. Display strategies
are predefined in the “presentation model” of the application that requests the presen-
tation. The definition of these presentation models is part of the workflow process for
the HMI part of an application. For presentation management, the module instantiates
a priority concept and considers the current context before changing the UI state. The
basic implementation uses the current HMI state but can be exchanged for other plugins
when additional information is required, e.g. cognitive load of the driver [Endres, 2012].
The presentation module of PADE mainly addresses Research Question 5 as defined in
Section 1.3. Note that the focus is on presenting results of Pull requests rather than
managing the input (cf. Section 4.1). The presentation module is published in [Cas-
tronovo et al., 2013b]
TheMessaging Support Module is integrated into the facility layer and provides a
new message type that is introduced for Car2X Pull Applications. For established Car2X
networks, the message types Common Awareness Message (CAM) and Decentralized En-
vironmental Notification Message (DENM) were presented in Section 2.2.2. As discussed,
they are tailored to safety applications and their applicability to interactive applications
of the Pull paradigm is limited. Therefore, a new message format that reflects informa-
tion pulled from the ad-hoc network is introduced: Requested Environmental Message
(REM). The messaging support module integrates REMs into the existing message types,
thus ensuring compatibility of the facility layer for Pull applications. The messaging sup-
port module communicates with the abstraction module, enabling the abstraction layer
to provide communication facilities to the applications. In Section 7.5, the structure of
REMs and their relation to other message types is presented in detail.
The LGHS Module implements LGHS and LGHS-CD developed in Chapter 5 and
integrates them into the network layer of the Car2X stack. The integration into the
Scalable Wireless Ad-hoc Network Simulator (SWANS) is presented in Section 7.6. Fur-
thermore, an obstacle model is developed in order to be able to consider the influence of
buildings on wireless communication. LGHS-(CD) are realized as routing algorithms and
replace the default routing strategy in SWANS. They therefore fulfill the requirements of
the Pull Paradigm on the network level. The implementation of LGHS-(CD) addresses
Research Question 1 (see Section 1.3).
The Simulation Module is one of the two runtime environments of PADE. It inte-
grates four diﬀerent simulators and builds upon the Vehicle Simulation Runtime Infras-
tructure (VSimRTI). The topic of simulating Car2X networks was thoroughly discussed
in Section 2.2.3 and VSimRTI was identified as the most generic software to integrate
diﬀerent simulators. The coupling of simulators was a mandatory requirement, since
the complex relations in vehicular ad-hoc networks cannot be modeled by only a single
simulation. Besides traﬃc, network, and environment simulator, PADE also includes a
driving simulation in order to be able to address eﬀects of Car2X Pull applications on
drivers. Here, OpenDS, the Open Source Driving Simulator, that is currently developed
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at DFKI is used. Up to a certain number of simulated cars, the simulation module is
able to simulate in real time depending on the computing power of the PC and the com-
plexity of the scenario (around 50 cars on a 2.2GHz Intel processor with 4 GB of RAM
running Windows 7). The integration of OpenDS is discussed in detail in Section 7.7.
The simulation module addresses Research Question 3 (see Section 1.3).
The module combines three diﬀerent simulators in real time for evaluating applications
before running them in a test vehicle. Using a state-of-the-art 802.11p simulator and a
microscopic traﬃc simulation, this module is able to deliver precise and realistic results
even on large networks. Since Pull applications are more focused on the user, this module
integrates an advanced driving simulation, opening the possibility to test eﬀects of novel
Car2X based applications on drivers while considering the specific limitations of vehicular
ad-hoc networks. The wireless communication is transparent to the application, which
oﬀers the possibility of transferring the application to the vehicle with minimal eﬀort.
The Communication Module operates on the lower layers and realizes the commu-
nication with other units in a real vehicular ad-hoc network. It oﬀers a framework for
developing Car2X-based applications and common functionality for sending and receiv-
ing messages over the ad-hoc network. It is built upon the Car2X stack implementation
of NEC and conforms to established standards of the ETSI and Car2Car Communication
Consortium [Festag et al., 2009]. As for the Presentation Module, the Communication
Module has also been successfully applied to Car2X Push applications.
Developing a novel Car2X application using PADE involves modeling and implement-
ing the requirements of the application module and (if desired) presentation module. The
developed application can then be executed either by the simulation or by the communi-
cation module. Thanks to the abstraction module, no adaptations for switching between
runtime environments are necessary. In the following Sections each layer of PADE and
its modules are explained in detail, while Chapter 8 continues by showing how example
applications are developed using PADE.
7.2. Presentation Layer
Figure 7.2 outlines the information flow within the Presentation Module. Before a pre-
sentation can start applications send “presentation requests”. These are validated against
the corresponding Presentation Model. If this validation succeeds a presentation task is
created and stored in an internal database. The Presentation Module is time-based and
has no situation knowledge. This means, that an application specifies start and end
time of a presentation and does not send spatial information for presentation requests.
Presentation tasks which have reached their start time are handed to an internal data
structure by the presentation timer. Validator and presentation timer are able to notify
applications on the current state of their presentation request. According to the current
HMI context and priorities of the presentation tasks, possible conflicts are resolved (cf.
Section 7.2.6). If a task has been selected for presentation, available “display strategies”
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Figure 7.2.: Presentation Module of PADE
defined in the model are considered in order to select presentation modality and -channel.
The user interface updates its state constantly after receiving new tasks. Synchronized
communication ensures that the Presentation Module is always assessing the current
display context.
7.2.1. Presentation Models
A Presentation Model contains essential information for a successful presentation on the
HMI. The following list reflects all information contained in a Presentation Model:
• ID
• Name
• Public interface
• Private parameters
• Display strategies
• Automotive user interface markup language (AUML)
• Inheritance
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Figure 7.3.: Top-Level Presentation Model.
The ID of a presentation model is used as an identifier by the Validator during a
presentation request. With this ID the presentation model to which this request is val-
idated against can be looked up. The public interface defines mandatory and optional
parameters as well as their valid domains in order to request presentations. The diﬀer-
ent types of parameters are explained in detail in the next section. Private parameters
can be specified and are used to process presentation requests internally. For example,
these parameters can be used to implement the priority concept explained in Section
7.2.4. Presentation models specify at least one, but in most cases more, so-called “dis-
play strategies”. Such a strategy occupies certain, possibly limited, resources on the
HMI for this presentation, e.g. visual, haptic or auditory channels. The automotive user
interface markup language (AUML) defines the communication protocol for displaying
presentation tasks on the user interface(s). In the automotive domain more than one
physical interface may exist: Besides common displays, there are warning lights, indica-
tors for current speed, fuel level, etc. A powerful feature of presentation models is the
possibility to build up hierarchical structures. They inherit information (parts of the
public interface, display strategies, etc.) from higher-ranking models.
The top-level presentation model contains the information shown in Figure 7.3. All
others in the system inherit from this model. This reflects the fact that start and end
time as well as model ID of a presentation are mandatory parameters when creating a
Presentation Task. Relative priority is modeled as an optional parameter (cf. 7.2.2).
Instantiating this top-level presentation model results in an empty presentation since
neither a display strategy nor AUML is specified. Figure 7.4 shows a simplified version
of presentation model inheritance for Pull applications in the category of local danger
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Figure 7.4.: Example inheritance for C2X Push applications in the category of local dan-
ger warnings. Inheritance is marked by arrows. Simplified version displays
only the public interface.
warnings. Every local danger warning inherits from a higher-ranking model parameters
distanceToEvent and warningLevel, which are common for all four presentation models.
When necessary, the models specify application-specific parameters which are not shared
among other models. Note that in this simplified picture AUML is not included.
7.2.2. Parameter Types
Presentation models oﬀer the possibility to specify basic parameter types or complex
types similar to the type structure in higher programming languages. Every parameter
specifies its name, type, valid domain (either as list or domain range) and an optional
default value. Parameters without default value are mandatory when requesting a pre-
sentation. This Sections describes possible parameter types and their syntax.
Basic Types
The available basic types are:
• Numeric
• Boolean
• String
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• Enumeration
Numeric parameters are either integer or float values. The definition includes their
domain range and an optional default value. String parameters are textual values. A
list of valid values can be specified. If empty, no constraints for parameter values are
applied. As for other parameters, a default value can be specified. An enumeration is a
list of allowed elements either of type String or Numeric. Boolean parameters can either
be true or false. An example taken from the reference implementation for a C2X based
traﬃc sign assistant is shown below in order to clarify the syntax. In this implementation,
presentation models are stored in XML files.
<Parameter name="tsValidLanes" type="numeric" min="1" max="7" default="1" />
<Parameter name="tsCode" type="enum" values="10100,10200" default="10100" />
<Parameter name="distanceBar" type="boolean" default="false" />
<Parameter name="tsAddonContent" type="string" values="" default="" />
Complex Types
Complex types cannot be represented by basic types and/or need internal processing
before the presentation task can be displayed to the user. A practical example would be
an application which visualizes the Car2X neighborhood table on the display. Since the
application possesses no knowledge about the dimensions of its assigned drawing area
it hands the raw GPS coordinates to the Presentation Module. Before the presentation
task is displayed or updated, the Presentation Module converts the GPS coordinates
into screen coordinates. The identifier complex followed by a fully qualified class name
indicates this parameter type. In this class several methods have to be implemented:
• isParameterValueValid(): This method is dynamically called by the Validator
and checks whether the submitted value for this parameter is correct according to
the presentation model. It returns true on successful validation, false otherwise.
• expandVariables(): This method is called when a task has been selected for
presentation. It does the necessary computation on parameter values and modifies
the AUML by enriching the current (possibly transformed) value of a parameter to
the AUML.
• cleanup(): This method is called on system shutdown in order to free up memory,
stop threads cleanly or perform other necessary cleanup tasks. This is especially
necessary when the Presentation Module is integrated into a larger system where
restart or shutdown is triggered by a framework and memory/thread management
is mandatory.
An example definition of a complex type in a presentation model is given as follows
(taken from the reference implementation for an approaching emergency vehicle warning):
<Parameter name="mapScale" type="complex:de.simtd.impl.system.hmi.
presentationmodel.parameter.F214MapScale" default="500" />
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7.2.3. Presentation Tasks
After a successful presentation request the application receives a unique identifier for
the created presentation task. This identifier can be used by the application to up-
date and cancel the presentation at any time, even if it is not yet started. Note that
method expandVariables() described above is only called when a task was selected for
presentation. This avoids unnecessary computation of parameter values.
7.2.4. Priority Concept
The priority concept is an essential tool for resolving presentation conflicts. When de-
veloping C2X applications using PADE, every presentation model is assigned a “priority
range” on a global scale in the interval of (0, 100), and a default priority. The ap-
plication can vary its current priority within its designated range using the parameter
relativePriority. This parameter is inherited from the top-level presentation model
(cf. Figure 7.3) and has a domain range of ( 100, 100), which means the absolute priority
is not exposed to the application. This approach allows to change the priorities of the
models during testing without the need to adapt the application. A relative priority of 0
maps to the default priority of the model; all other values are mapped using Figure 7.5.
The priority range reflects the fact that applications may have higher or lower priority
depending on the current situation, e.g. a congestion warning coming up in 3 km might
be lower in priority than a broken down vehicle right in front of the EGO car. Within
the concept of PADE the assessment of such situations is the responsibility of the appli-
cation, since the Presentation Module relies on time and not on spatial information. On
the other hand, applications do not possess any knowledge of presentation task realiza-
tion in the HMI. This separation of situation assessment and display management is an
essential concept and maintained throughout the modules of PADE. Priority values and
ranges that were applied in simTD can be found in Figure 8.1.2.
7.2.5. Automotive User Interface Markup Language (AUML)
PADE’s Presentation Module uses the automotive user interface markup language (AUML)
in order to communicate with the user interface. AUML is an XML-based communication
protocol which is tailored to automotive user interfaces and is specified within display
strategies in presentation models. One powerful feature of AUML is the concept of back-
referencing : Variable values that are defined in the public or private parameter section
of a presentation model can be backreferenced by writing ’$[variable name]$’ for XML
element names, attribute values or CDATA. These variables are then substituted by the
current value of a parameter when a task has been selected for presentation. The method
expandVariables() of a complex parameter implementation (cf. Section 7.2.2) receives
a reference to the individual node in the AUML tree, manipulates it and returns the
AUML. After all variables have been substituted by their current values, the AUML is
sent to the registered handler and presented to the user.
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1: abs def
2: if (rel > 0) then
3: abs abs+ rel⇤(max def)100
4: end if
5: if rel < 0 then
6: abs abs  rel⇤(min def)100
7: end if
8: if abs > max then
9: abs max
10: end if
11: if abs < min then
12: abs min
13: end if
Figure 7.5.: From relative to absolute priority. Legend: abs = absolute priority, rel =
relative priority, min = minimum priority according of priority range, max
= maximum priority of priority range, def = default priority.
High-Level Addressing
AUML uses high-level addressing in order to communicate with the UI. It moves parts
of the implementation eﬀort to the UI side since it needs to be parsed and interpreted
by the specific application. The advantage of high-level addressing is that any existing
UI framework can be used and full bandwidth of the UI language can be exploited. Of
course, backreferencing is also available.
High-level addressing recognizes channels and layouts. A channel is a communication
interface with the user, e.g. display or haptic. Furthermore, with the help of channels
a communication interface can be modeled in further detail and address a sub-part of
this interface, e.g. a specific area on a display. Both components of the Presentation
Module, UI and the underlying framework, retrieve a taxonomy of available channels at
startup. A channel (or parts of it) can be referenced within the display strategy section
of a presentation model. An example is given in Section 7.2.7.
Layouts are UI implementations of applications. They can be addressed by their name
or fully qualified class names and are loaded dynamically by the UI framework which
delivers a subtree of the AUML, the display strategy, to the UI application code. Here,
application-specific parsing is required to instantiate and update the UI. Currently, high-
level addressing is implemented in Adobe Flash and allows development of additional
presentation models with low eﬀort on UI side. This concept has been used for simTD,
where over 30 presentation models were implemented. Additionally, the HMI was in-
cluded in several demonstrators at DFKI (see Chapter 8). The flexible approach of
high-level addressing helped keep overhead for additional user interfaces low.
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Figure 7.6.: A simple Allocation Tree. Usability constraints are symbolized by locks:
In this example, the available speakers must not be allocated by diﬀerent
presentation tasks at the same time.
7.2.6. Conflict Identification & Resolution
Since all applications in the system run independently from each other and have no
knowledge of UI resources, presentation conflicts are possible. The following components
ensure the most eﬃcient usage of the UI: display strategies, HMI allocation trees, and
priorities which are assigned to each application (cf. Section 7.2.4). Among application-
specific parameters, display strategies define the UI resources an application occupies
during presentation. Within one strategy several presentation channels might be de-
fined, e.g. visual and auditory, at the same time. The strategies are defined in the
presentation model and are ordered in ascending priority.
An allocation tree is a hierarchical model of all available HMI resources (see Figure 7.6).
Every leaf in this tree can be allocated by exactly one presentation task. Using usability
constraints it is possible to restrict certain allocations. Taking the example tree in Figure
7.6, it is not possible to allocate the speakers to diﬀerent presentation tasks as this would
degrade comprehension and thus the overall usability. UI resources can be referenced
within display strategies. Identifying presentation conflicts then boils down to comparing
the current allocation of the HMI and utilized UI resources of a display strategy which has
been selected for presentation. When no conflict is detected, the selected task is presented
using the first display strategy defined. Conflict resolution is done by comparing priorities
of both tasks and switching the lower prioritized presentation to its alternative strategy,
if available. In case no conflict resolution can be identified, one of two fallback strategies
is employed:
1. Abort presentation and notify application
2. Postpone presentation by x ms and notify application about the delay, where x is
a configuration option
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Applications can specify which fallback strategy should be used when creating a pre-
sentation task. Note that this can also be overridden by a configuration option.
7.2.7. Example Presentation Model
Listing 7.1 shows an example presentation model for a Push application (cross-traﬃc
assistant) as it was defined for the project simTD (see Section 2.1.3). Note that this
model is based on another one which defines parts of the public interface for a whole
use-case category. It specifies two display strategies. The first allocates two resources on
the HMI: “mainScreen” and “symbolArea”, the second only the resource “symbolArea”. In
simTD the upper part of the display is divided into six parts where additional information
can be displayed. Using the wildcard character “*” within the channel element, any of
these six positions is valid for this strategy.
Listing 7.1: Example presentation model for simTD-function cross traﬃc assistant
1 <PresentationModel name="CrossTrafficAssistant" appId="224" basedOn="HF22.xml">
2 <OsgiParameters>
3 <!-- 0 = Left, 1 = Right -->
4 <Parameter name="direction" type="enum" values="0,1" default="0"/>
5 <!-- 0 = Car, 1 = Motorcycle, 2 = Truck -->
6 <Parameter name="vehicleType" type="enum" values="0,1,2" default="0"/>
7 </OsgiParameters>
8 <InternalParameters>
9 <Parameter name="globalPrioritisation" type="int" min="60" max="100" default="90" />
10 <Parameter name="minPresentationTime" type="int" min="0" max="max" default="3000" />
11 </InternalParameters>
12 <DisplayStrategies>
13 <DisplayStrategy id="0">
14 <displayTask>
15 <channel name="GUI:mainScreen">
16 <layout name="F$appId$">
17 <warningLevel>$warningLevel$</warningLevel>
18 <direction>$direction$</direction>
19 <vehicleType>$vehicleType$</vehicleType>
20 </layout>
21 </channel>
22 </displayTask>
23 </DisplayStrategy>
24 <DisplayStrategy id="1">
25 <displayTask>
26 <channel name="GUI:symbolArea:*">
27 <layout name="F$appId$">
28 <warningLevel>$warningLevel$</warningLevel>
29 <direction>$direction$</direction>
30 <vehicleType>$vehicleType$</vehicleType>
31 </layout>
32 </channel>
33 </displayTask>
34 </DisplayStrategy>
35 </DisplayStrategies>
36 </PresentationModel>
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7.3. Application Layer
From a developer’s point of view, the application module of PADE provides the necessary
interface and methods for implementing Car2X applications and provides access to the
the ad-hoc neighborhood. This section describes their structure on a technical level and
gives programmers an understanding of how to use the PADE platform in practice.
The application module uses the programming language Java v1.7. Implementing a
new application using PADE involves extending the Application class and implementing
the ApplicationInterface. The PADE framework then calls method receiveMessage()
when a message has been received. Alternatively, application developers can implement
the timerCall() method which is called every 100ms by PADE. Within this method an
application should check whether new, unprocessed messages have arrived in the queue.
The Application class provides access to an operationHandle which wraps all methods
for managing messages and sending them over the ad-hoc network. It is instantiated
depending on which runtime environment is executed (real or simulated).
A PADE application also has access to the Presentation Module introduced in Section
7.2. Using its reference to the presentation service, applications can create, update, or
cancel presentation tasks. Furthermore, the application can subscribe to input events
and UI state changes in order to respond with appropriate actions.
7.4. Abstraction Layer
In order to abstract from the underlying runtime environment, this layer wraps necessary
data structures and methods for application development and maps them either to the
API of NEC C2X SDK or VSimRTI. They include access to the neighborhood table,
methods for message composing, support for sending messages, and information about
the EGO vehicle. The relation of abstraction components to other PADE components is
shown in Figure 7.10.
7.4.1. Composing Messages
PADE currently supports three types of messages. Existing CAMs and DENMs have
been modeled on the platform level, are compatible with established standards and can
easily be mapped to data structures available in VSimRTI and NEC C2X SDK. The
new type of Requested Environmental Notification Message (REM; see the next Section)
reflects Pull requests. Currently, no such message exists in either of the underlying run-
time environments. In order to make this type of message available to applications, it
has been wrapped in the payload of already-existing message formats.
For the simulation part, content of a REM is encapsulated in the payload of the DENM
data structure provided by VSimRTI. This is only possible because fields of this message
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type are not fixed to the ones specified by ETSI. The API of VSimRTI oﬀers the possi-
bility to transport arbitrary payloads when DENMs are used. On the receiving vehicle,
the REM is extracted and pushed back to the application, e.g. receiveMessage() is
called (see Section 7.3).
When running inside a vehicle, data structure DataRequestGUCMessage oﬀered by
the NEC C2X SDK is used to transport REMs. Also here, arbitrary payloads can be
specified and unicast communication is possible. As for the simulation, the receiving
vehicle checks the type of payload and pushes the REM to the application by calling
receiveMessage(). This abstracts sending and receiving procedures for the application.
Alternatively, PADE also integrates the network stack that comes with the operating
system (see Figure 7.10). Therefore, applications can also be built upon consumer wifi
(802.11a/b/g/n) or cellular networks (UMTS/LTE).
From an implementation point of view, this is done on the application level. Normally,
one would expect this to be on the network layer, but since neither VSimRTI nor NEC
C2X SDK is open source, it needed to be realized on the upper layers.
7.4.2. Node Properties
Properties of the EGO vehicle are stored in the UnitData class. It provides access to
vehicle data such as global position, address of the node, and vehicle type (car, motorcycle
but also road side unit). The abstraction layer of PADE retrieves necessary information
from VSimRTI and NEC C2X SDK in order to provide a common interface to these
properties from the application level.
7.5. Facility Layer
On the facility level the messaging support module introduces a new message type to the
Car2X network stack that reflects Pull requests. This requested environmental message
(REM) is derived from DENMs but contains additional slots. Furthermore, two types of
REMs are introduced: REM-req and REM-rep. The first is generated by the application
running on a car requesting information from the ad-hoc network; the second is sent by
the node holding the requested information as a reply. The individual fields of REM-req
and REM-rep are shown in Figure 7.7. Fields that were adopted from the DENM can
be looked up in Section 2.2.2.
7.5.1. Requested Environmental Message (REM)
The additional fields of a REM are the following:
• Header
– messageID: Unique id of this REM
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– messageSequenceNumber: In order to support requests and replies which ex-
ceed the maximum size of a REM (typically 1024 bytes) the content is split
over several messages. The message sequence number identifies a message in
this sequence.
– messageCount: The total number of messages in this sequence.
• Management
– maxHops: The maximum number of hops allowed for this request / reply.
Receiving nodes may drop this message if maxHops exceeds a given threshold.
• Request / reply
– Sender: Reference to sending node. This is for example used by the applica-
tion to identify a previously issued request. This field is copied from REM-req
to REM-rep by the node holding the information. Note that it is also renamed
recipient for clarity.
– previousSenders: Stores local information on previous hops that can be
used to trace back the route to the requesting car. It can also be used to
approximate the dynamics of the ad-hoc network.
– requestContent / requestReply: Payload of this request or reply, respec-
tively.
• Location
– senderPosition / recipientPosition: The sender of the request stores its
position in a REM-req. This field is then copied to REM-rep by the receiving
application. This information can be used to locate the recipient.
Implementation note: REMs can be built by applications in order to send and re-
ceive Pull requests. Normally, not all fields would be exposed to the application layer.
For example, messageSequenceNumber and messageCount are handled by lower layers in
traditional network stacks. But since NEC C2X SDK is a closed-source product, imple-
mentation was done on the application layer. This leads to minor timing overhead since
messages need to be pushed up to the application layer for processing.
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Figure 7.7.: Requested Environmental Message (REM). Left: Request; right: Reply. Ar-
rows indicate fields that are copied from REM-req to REM-rep by the node
holding the requested information.
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7.6. Network Layer
This section describes the implementation and integration of LGHS-CD as routing algo-
rithm in SWANS as well as necessary modifications that were made to internal compo-
nents of the network simulator. A visual representation is shown in Figure 7.8. Here, the
internal composition of a network node in SWANS is presented, as well as its communica-
tion with the added interfaces that are described in the following subsections. Together,
these components constitute the LGHS-CD module of PADE.
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Figure 7.8.: Integration of LGHS-CD into the Scalable Wireless Ad-hoc Network Simula-
tor. Blue-shaded components were added or modified in order to implement
the LGHS-CD module of PADE.
7.6.1. LGHS-CD Integration into the Network Simulator SWANS
Although SWANS provides interfaces to implement customized routing algorithms via
jist.swans.route.RouteInterface, they are not considered by VSimRTI in the simulation
module. Thus, only the internal routing protocol of SWANS, namely Cached Greedy
GeoCast (CGGC) is possible in combination with VSimRTI. The code of SWANS is
open source but VSimRTI uses a custom version that contains enhancements by the Uni-
versity of Ulm that add support particularly for vehicular ad-hoc networks. Fraunhofer
FOKUS agreed to provide the source code of this custom version. Therefore, a hook
could be added to CGGC such that the LGHS-CD module is instantiated instead of ex-
ecuting CGGC. Calls to methods of CGGC are then simply forwarded to the LGHS-CD
module.
Another modification was made to the jist.swans.misc.Protocol class in order to collect
and send beaconing information from other nodes. This information was also used by
LGHS-CD to build up the neighbor list, as access to VSimRTI methods from within
SWANS is restricted.
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7.6.2. Satisfying Requirements of LGHS-CD
LGHS-CD relies on certain information regarding dynamic graph operations, static graph
topology, and edge assignments. In this context, dynamic graph operations are move-
ments, insertions and deletions of cars by the simulator. The static graph is formed by
the underlying road network and edge assignments are cars traveling on roads. In order
to fulfill requirements of LGHS-CD, an interface to the street network was built that is
used by the simulation module, namely the traﬃc simulator SUMO. There are no access
restrictions for LGHS-CD, in order to support the mandatory shortest path computa-
tions during the individual phases of the algorithm.
A similar interface was built for routes that vehicles are assigned to during the simulation.
These are used for predicting future topology of the dynamic graph, e.g. future positions
of cars. SUMO provides this information via the traﬃc control interface (TraCI). A spe-
cial focus has been set on access restrictions, e.g. queries to future routes return null.
Furthermore, the route interface checks the neighbors of the calling SWANS node, since
only queries to nodes within the transmission range are allowed. These requirements
result from the functions defined in Section 5.2.
7.6.3. Modeling Obstacles
Another important addition to SWANS is an obstacle model that was implemented in
order to consider the influence of buildings on radio signals. Concrete walls and other
materials influence propagation of radio signals significantly. The obstacle model within
the LGHS-CD module performs a line-of-sight check whenever a packet is sent to another
node. If an obstacle is identified, the packet is dropped. This is an eﬃcient approach
to include the eﬀect of buildings in the simulation. In reality, radio signals may be re-
flected by diﬀerent materials, e.g. glass, and therefore be able to be detected by the
recipient. However, a more realistic model would reach the limits of real-time simulation
and increase the complexity. A line-of-sight check puts more restrictions on the simula-
tion than reality. Obstacles were not considered by SWANS and therefore were added
as new functionality. The data source of the model, e.g. buildings, was derived from
OpenStreetMap and stored in an internal database.
7.6.4. Integrating KAPCom for Information Management
LGHS-CD uses KAPCom, developed in the context of the PhD thesis of Michael Feld
[Feld, 2011] and serves as an information and knowledge management component. The
LGHS-CD module of PADE uses the KAPCom interface depicted in Figure 7.8 for storing
and retrieving data. KAPCom provides a generic network interface for communication.
Note that for performance reasons, all communication between KAPCom and SWANS
nodes is routed through one interface, thus using one connection. When simulating a large
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number of nodes within SWANS, load and allocated memory increase significantly. For
the same reason, only one KAPCom instance is used for all nodes. However, information
stored by a specific node can only retrieved or modified by this node. This was realized
by adding categories in KAPCom’s ontology, each representing a specific node. During
startup of SWANS, the LGHS-CD module registers each node added by the simulator
in KAPCom below the previously generated allVehicles category and submits a unique
ID for this node. This ID is then referred to during simulation when the node accesses
its data. Besides its ID, the node stores the creation time, data object, area of validity,
and position where the information was retrieved. The LGHS-CD module running on
the node can then process REMs by accessing KAPCom, e.g. respond to an information
request either positively or negatively.
7.6.5. Implementing Route Management of LGHS-CD
Section 5.4.4 described how LGHS-CD handles dynamic graph operations in order to keep
routes to information sources up to date. Recall that route maintenance is an important
part of LGHS-CD since the graph is highly dynamic and routes are therefore constantly
changing. Route maintenance is always necessary when
• a non-member node enters the route,
• a member node leaves the route, and
• the sequence of member vertices changes along the route.
The LGHS-CD module is notified in these cases because of the modifications made to
jist.swans.misc.Protocol that ensure transfer of beaconing information to the module. All
three events trigger route maintenance operations described in Section 5.4.4 and occur
very frequently, most likely with every advance of the simulation clock. It is therefore es-
sential to apply eﬃcient data structures that oﬀer cheap basic operations such as search,
insert, and delete. The most necessary operation is search: During a simulation run
crumb values decrease constantly and requests trigger a check for the information within
the node (search). Operations insert and delete are only required when information is
stored locally (insert) or a crumb value drops below the threshold (delete).
Basic operations are always needed when crumb values of a route are increased or de-
creased. All of these operations can be achieved within O(log n) using state-of-the-art
red-black trees [Cormen et al., 2009] and are referred to as RouteTrees (see Figure 7.8).
7.7. Simulation Module
The simulation module uses the existing vehicle simulation runtime infrastructure (VSim-
RTI) that was identified in Section 2.2.3 as the most promising approach for this thesis.
It provides possibilities to couple arbitrary, discrete simulators. The individual simula-
tors for traﬃc and communication were also identified in Section 2.2.3 as SUMO and
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JiST/SWANS, respectively. Furthermore, OpenDS [Math et al., 2012], the open source
driving simulator developed at DFKI, is added to the simulator community.
OpenDSSUMO
PADE Combined
Simulation
JiST/SWANS
Figure 7.9.: Screenshot of a combined simulated scenario with OpenDS, SUMO,
JiST/SWANS in PADE. Wireless communication is indicated by yellow arcs.
7.7.1. Adding OpenDS to VSimRTI
VSimRTI uses the High Level Architecture (HLA) for simulator coupling [Symington
and Morse, 2000]. In this architecture, two components are necessary for additional
simulators: Ambassador on the simulator and Federate on the runtime infrastructure.
Ambassador subscribes to message types it needs to receive from the runtime infras-
tructure. Figure 7.10 shows the basic information flow between these two components
in the case of OpenDS and VSimRTI. Every vehicle added by SUMO gets visualized in
OpenDS. Its movements are controlled by SUMO. Furthermore, OpenDS Ambassador
receives Car2X messages that are sent and received by JiST/SWANS. They are used to
visualize communication between vehicles for demonstration purposes (see Figure 7.9).
OpenDS Ambassador creates a node in JiST/SWANS for the EGO vehicle the user is
driving in OpenDS, which is then considered during communication simulation.
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Figure 7.10.: PADE components and data flow.
7.8. Communication Module
The communication module is a NEC Linkbird MX, a hardware platform for C2X pro-
totyping. It is equipped with two 802.11p cards, each consisting of one control and one
communication channel. The operating system is Debian Linux with NEC C2X SDK
installed, which realizes the lower part of the communication stack [Festag et al., 2009].
Applications are able to communicate using a Java API (JAPI) provided by NEC. The
API specifies a low-level protocol based on management messages in order to retrieve
essential information from the Linkbird, e.g. EGO position or neighborhood entries.
The abstraction layer of PADE exposes these functionalities to PADE applications but
creates a common format for every runtime environment.
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8. Developing PADE Applications
PADE and parts thereof has been applied to several systems, from demonstrators, to
use in several bachelor’s/master’s/PhD theses, to large-scale field operational tests. This
chapter gives a detailed description of the individual projects and the role of PADE
within the systems.
8.1. Push Applications in the simTD Field Operational Test
The presentation module of PADE has been successfully applied to a large-scale field
operational test. A fleet of 120 Car2X-enabled vehicles from all major German car com-
panies participated in this field test around and within the hessian metropolitan area of
Frankfurt/Main. For a detailed description of the simTD project, please see Section 2.1.3.
Over a period of 3 years, 34 presentation models were discussed with members of the
consortium, designed and implemented. Each member was responsible for one or more
C2X Push applications. The following sections group the use cases in larger areas of
interest and presents the most important graphical realizations as well as an abstract view
of the presentation models and their inheritance. This section also presents interesting
aspects from PADE’s perspective that came up during presentation model development.
8.1.1. General HMI Concept in simTD
For graphical representation on the touch display and to incorporate all simTD-functions,
it was decided to create three virtual screens: navigation, main, and options screens.
The navigation screen showed a map and guidance instruction. Furthermore, interactive
Push applications were accessible via five buttons. The main screen was primarily used
for showing the highest-prioritized functions. Using the options screen, the driver could
set diﬀerent options related to the HMI, start a driver survey, communicate with the
simTD-control center, and inform other drivers about obstacles on the road. The three
virtual screens were arranged side-by-side and could be accessed using virtual buttons
(see Figure 8.1).
Most presentations request the main screen as their default presentation strategy. As
on the main screen only one application can be displayed at a time, a “symbol area”
was created, which was included on top of each screen. Hence, six additional slots for
condensed presentations were available in the allocation tree and were part of alternative
presentation strategies. Priority ranges were defined and optimized for each application
before the field test started. The presentation module of PADE that was presented in
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Figure 8.1.: Illustration of the simTD HMI depicting three virtual screens and the symbol
area.
Section 7.2 has been successfully applied to the simTD project. It was running reliably
in all 120 cars, and 400 test drivers experienced it on a daily basis.
A special focus was placed on consistency of presentations over all implemented pre-
sentation models. All warning functions were assigned two urgency levels. These were
supported by audio output. Furthermore, the second level was supported by red coloring
as well (see Figure 8.1.5).
Another consistent element was the presentation of spatial distance and progress. Several
simTD functions needed to display the approach to relevant traﬃc situations or progress
within, e.g. obstacles. The spatial approach was always represented by a multi-colored
segmented vertical progress bar on the left of the main screen (see Figure 8.1). Progress
within roadwork and validity areas of traﬃc signs was always indicated by a blue seg-
mented horizontal progress bar (see Figure 8.4, lower picture). A detailed analysis of the
spatial approach and progress visualizations in the automotive context was published in
collaboration with colleagues at DFKI at INTERACT 2013 [Mahr et al., 2013].
8.1.2. Priority Distribution of simTD Presentation Models
The priority concept of PADE introduced in Section 7.2.4 was applied to all 34 pre-
sentation models of the simTD system. Priority ranges and default values were initially
determined in a workshop with the respective project partners for the relevant functions.
During the integration phase of the project on the test track in Friedberg, the initial
priority values were redefined in an iterative process. Eﬀorts over two years ensured a
harmonized priority distribution of the simTD functions. Finally, test drives in the city of
Frankfurt, motorways, and rural roads verified correct priority management of the simTD
HMI before the field operational test. The final priority distribution of the most relevant
functions is shown in Figure 8.2.
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Driver/Survey/(70770770)
Figure 8.2.: Priority distribution of the most relevant simTD presentation models as used
in the field operational test.
8.1.3. Traﬃc Flow Information
Street Foresight
The Push application Street Foresight gathers beaconing information from the close
vicinity and calculates traﬃc flow. More interestingly, it combines the information into
a self-experienced map. The display handles two diﬀerent presentation types: motorway
and city, where the latter shows the EGO vehicle centered, whereas the former moves it
to the bottom of the screen. Using this Push application the driver was able to assess
the traﬃc close by and possibly adapt her route with more accurate information than by
using publicly available traﬃc information services.
The presentation model inherits directly from the top-level model but overwrites pa-
rameter presentationType which is used to indicate city or motorway display. Further-
more, the presentation model of this function is particularly interesting since it shows
the strong separation of the presentation and application layer in C2X PADE. The com-
plex parameters edgeObjects and carObject contained information on how to draw the
map on the screen. PADE’s concept provides that there is no situation assessment on
the presentation layer, e.g. presentations are planned on the basis of time and not on
spatial information. This implies that lower layers use spatial but not time or display
information. Therefore, complex parameters were used to do the necessary conversion
between application and presentation layer formats. The function submitted Universal
Transverse Mercator (UTM) coordinates; this is 2-dimensional Cartesian coordinate sys-
tem that divides the surface of the earth into sixty zones, each 6 degrees longitude wide.
Because only PADE’s presentation layer possesses information about drawing areas on
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Figure 8.3.: Presentation model and visualization of Push application Street Foresight in
simTD.
the display, UTM was translated to screen coordinates within the expandVariables()
method (see Section 7.2.2). The coordinate translation was necessary on every update
from the function. Since street foresight was always present while driving, this method
needed special attention in terms of eﬃciency. Together with the function developers
and accountable developers from the simTD OSGi framework, this method was highly
optimized to ensure a resource-eﬃcient conversion. The optimization was continuously
monitored by detailed profiling before the field test which confirmed that no significantly
higher load was added to the CPU of the car PC.
Roadworks Information System
Figure 8.4 shows the presentation model and visualization of the Roadworks Information
System. The function was represented in two views: The first visualized the approach
to the work area by counting down remaining distance and showing an overview of (the
initial) work area’s geometry. The second showed progress within the work area. Geom-
etry was displayed in detail on the right of the screen and was moved consistently with
the car’s progress as it advanced through the work area. Microscopic traﬃc flow infor-
mation on lane level were symbolized as colored arrows. Moreover, general information
was available using the blue info button to the right. The two views were realized by
overriding parameter presentationType from the top presentation model.
The function calculated geometry dynamically from the first n cars that drove through
the work area. Their vertical acceleration was used to derive the necessary information.
Data of other cars were also used to determine an estimated time for passing through
the work area.
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Figure 8.4.: Presentation model and visualization of Push application Roadworks Infor-
mation System in simTD.
Roadworks Geometry Description Language During the discussion with the applica-
tion developers involved, a descriptive XML-language for mapping raw vertical acceler-
ation data from cars to an easyly-understandable graphical visualization was developed
(contained in the complex parameter “geometry”). It consisted of an ordered set of “tiles”
where each tile was assigned a set of attributes, e.g. length in meters. The following
types of tiles were known:
• straight
• lanes split
• diagonal
• lanes merge
Figure 8.5 shows a graphical representation of the defined tile types.
Each tile features origin and destination in the range from 0 to 5. In order to illustrate
this, Figure 8.6 shows a graphical representation of a “straight” tile with diﬀerent origins.
The blue lines were not visible on the HMI and are used for simplification only. Obviously,
the straight and diagonal tile each feature one origin and destination, while the split lane
has one origin and two destinations. Analogously, merged lanes have two origins and one
destination.
Using the introduced description language it is furthermore possible to superimpose
tiles in order to model more complex geometries. It enables, for example, drawing types
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Figure 8.5.: Types of tiles that are recognized in the roadworks geometry description
language. From left to right: Straight, lanes split, diagonal, lanes merge.
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4
Figure 8.6.: Straight tile with starting point 0 (left) and 1 (right).
straight and panning in one tile by assigning the same id to two tiles. Every XML el-
ement contains an attribute length that describes the length in meters of a tile. The
Attribute trafficFlow is used to render traﬃc density information of this element. In
Figure 8.4 this is shown as green, yellow, and red arrows in the lower picture.
The method isParameterValueValid() was used to perform a consistency check of
the submitted roadwork geometry. For example, it is not possible to set destination x of
tile n-1 to a value where no origin in tile n follows. This would severely aﬀect plausibility
of the function and potentially distract the driver. In case an inconsistent geometry is
submitted, the presentation model displayed a straight line on the HMI. The same rep-
resentation was used in case the function was not able to acquire suﬃcient data over the
network.
Within the method expandVariables() of complex parameter roadworksGeometry
the XML tree of the geometry description was attached to the AUML and sent to the
UI afterwards. Figure 8.7 gives an example of a roadwork geometry described in XML
and the corresponding graphical representation.
8.1.4. Traﬃc Flow Control
Traﬃc Light Assistant
The traﬃc light assistant is an implementation of the Push use case described in Section
3.3.2. During discussions with the responsible simTD partner Volkswagen, it has been
decided that the following features should be included in the presentation model of the
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<roadworksGeometry>
<tile id="0" type="straight" length="50" origin="2" trafficFlow="3" />
<tile id="1" type="panning" length="30" origin="2" destination="1" trafficFlow="3" />
<tile id="2" type="straight" length="30" origin="1" annotation="" trafficFlow="3" />
<tile id="3" type="splitting" length="50" origin="1" destination="0_1" trafficFlow="3_2" />
<tile id="4" type="straight" length="50" origin="0" trafficFlow="2" />
<tile id="4" type="straight" length="50" origin="1" trafficFlow="3" />
<tile id="5" type="combination" length="50" origin="0_1" destination="1" trafficFlow="3_2" />
<tile id="6" type="straight" length="50" origin="1" trafficFlow="3" />
<roadworksGeometry>
0
1
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3
4
Figure 8.7.: XML structure of a roadwork geometry with corresponding graphical repre-
sentation below.
function:
• Up to three traﬃc lights that display either recommended speed to cross while
green or the remaining red time.
• Intersection geometry: either X or T intersection.
• Most probable path of the car, if available. It was determined by exploiting navi-
gation data or the turn signal.
• Static “green arrow”. In Germany, some traﬃc lights can always be driven past when
turning right. The function had the capability to represent this in the graphical
realization.
Figure 8.8 shows this presentation model in simplified form. It is directly derived from
the main presentation model. In addition to this function in the category traﬃc eﬃciency,
a warning functionality was included. In case of an impending red light violation, an
appropriate warning message was displayed (Figure 8.8, bottom). Warning tones and
coloring were consistent with the concept for local danger warnings.
8.1.5. Local Danger Warnings
The function group of local danger warnings was divided into four sub-functions:
• Obstacles: warning before objects blocking the road, like lost cargo or animals.
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typeOfCrossing:enum
arrowConfiguration:enum
infoTrafficLight0:enum
infoTrafficLight1:enum
infoTrafficLight2:enum
mostPropableDirection:enum
greenArrow:enum
Traffic Light Assistant
timeStart:numeric
timeEnd:numeric
relativePriority:numeric
presentationType:enum
Presentation Model
Figure 8.8.: The traﬃc light assistant in simTD. Additionally, a warning function in case
of an impending red light violation was included.
• Traﬃc Jam: warning before stationary cars on the motorway.
• Approaching emergency vehicle warning.
• Weather, wind, ice, and snow warnings.
The division into these four groups was also reflected when presentation models were
designed. Inheritance was used to derive all four groups from a “local danger warnings”
model that featured common parameters (warning level, distance to event). Each local
danger warning then added its specific parameters, if any. The warning concept in simTD
featured two urgency levels. In Figure 8.9 a broken down vehicle warning is shown at the
info (left) and warning level (right). Together with additional red elements in the visual
representation, two distinctive warning tones were played (cf. [Cao et al., 2009, 2010]).
Additionally, spatial approach to traﬃc situations was indicated by text, e.g. in 300 m,
and a colored, vertical progress bar (also see [Mahr et al., 2013]).
8.1.6. Local Danger Warnings Issued by Other Drivers
In addition to presenting local danger warnings in simTD, drivers were also able to notify
other road users about broken down vehicles, pedestrians, animals, and obstacles on the
road. These four options were available via a submenu on the options screen. After press-
ing one of the buttons a confirmation dialog was shown which disappeared automatically
after a given time in order to minimize interactions. Technically, the OSGi whiteboard
pattern was used to notify other applications about the interaction event and these, in
turn, sent out DENMs to the Car2X neighborhood. This functionality of PADE’s pre-
sentation module shows that it is not restricted to output but can also receive input from
the user. Therefore, simple Pull requests can be realized as well (see Figure 10.1b).
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warningLevel:enum
distanceToEvent:numeric
Local Danger Warnings
timeStart:numeric
timeEnd:numeric
relativePriority:numeric
presentationType:enum
Presentation Model
direction:enum
Emergency Vehicle
typeOfWarning:enum
Obstacles Traffic Jam typeOfWarning:enum
Weather
Figure 8.9.: (Simplified) presentation model and visualization of the function group of
local danger warnings in simTD.
8.1.7. Driver Assistance
Traﬃc Sign Assistant / Warning
Implementation of the traﬃc sign assistant (see Section 3.3.1 for a description) in simTD
included around 100 static and dynamic traﬃc signs as well as 60 additional signs. Using
the parameter tsCode in the presentation model, the individual signs were identified. It
was realized as an enumeration parameter and included the oﬃcial main and sub-codes
of the German road traﬃc provisions, e.g. main code 274 speed limit and sub-code 56
for a speed limit of 60 km/h. In order to include this in one parameter, the following
formula was applied: main-code * 100 + sub-code. Analogous coding was applied to
additional signs (parameter tsAddonCode).
Contrary to most other presentation models, the main display strategy of the traﬃc
sign assistant was to use the symbol area. However, since a warning functionality also
was included, the traﬃc sign assistant was able to give a hint as to the presentation
strategy to use. This did not necessarily change the display strategy but informed the
presentation planning component about the function’s intentions. It could nevertheless
be overridden by other running presentations. The traﬃc sign assistant was the only
function for which this feature was enabled.
Following the consistent concept for visualizing spatial approach and progress in the
simTD-HMI, the function was able to assign validity and distance information. Distance
to a traﬃc sign was also presented as a vertical blue bar in the symbol area. Figure 8.10
shows a simplified version of the presentation model and graphical representation of the
function.
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tsCode:enum
tsAddonCode:enum
tsContent:enum
distanceBar:enum
warningLevel:enum
Traffic Sign Assistant
timeStart:numeric
timeEnd:numeric
relativePriority:numeric
presentationType:enum
Presentation Model
Figure 8.10.: (Simplified) presentation model and visualization of the traﬃc sign assistant
implementation in simTD.
8.1.8. Location-Based Services
Location-based services in simTD provided access to information about parking, traﬃc,
weather, webcams, and local events. By selecting one of these categories, point-of-interest
icons were shown on the map. When selecting one of these POIs, detailed information
about it was presented on the navigation screen.
From PADE’s perspective this use case is particularly interesting because presenta-
tions were not triggered by an external event but by the user interacting with a POI on
the screen. Three components of the simTD-system needed to communicate in order to
realize these use cases: function, presentation module of PADE and navigation. Figure
8.11 depicts a graphical overview of these relations.
After system startup, the function downloaded POI information via the vehicle’s
UMTS connection. This information contained the position and its meta-information
depending on the POI type, e.g. for a POI of category traﬃc, the cause, aﬀected mo-
torway and length (if applicable) were retrieved. The function then created POIs using
the public navigation interface. However, using the navigation API it was not possible
to store information other than location, name, and POI image. Therefore, presentation
models in PADE were designed to represent the meta-data, e.g. length of a presented
traﬃc situation. Using a unique POI ID created by the navigation API it was possible
for the presentation module to access the elements later on.
When the user selected a use case of location-based services, the navigation API was
queried for the specific POI layer, e.g. webcams. It returned a flat image that super-
imposed the base map (see Figure 8.12, left). This image contained all POIs that were
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Figure 8.11.: Relations between PADE’s presentation module and components of the
simTD system that were established for location-based services.
created earlier by the function.
The user was now able to select one of the presented POIs. Since the navigation
service returned a flat image, it was not possible to identify the requested POI. The
navigation API was used to retrieve POI ids that were found below the x-,y-coordinate
of the interaction. After querying the POI meta-database that contained information
created after the system startup, the graphical representation of the AUML was shown
on the display (Figure 8.12, right).
Figure 8.12.: Left: Transparent POI layer “webcams” placed on top of the base map
retrieved from the navigation service. Right: Presentation task after inter-
action with a POI.
8.2. On-Demand Traﬃc Information System
In Section 6.7, the on-demand traﬃc information system was one of the three use cases
that were selected for demonstrating results of this thesis. This section describes the
implemented scenario. The particular implementation is called the advanced turning as-
sistant and demonstrates the Pull Paradigm by requesting sensor data from another car.
In this example, the situation is as pictured in Figure 8.13: The blue car approaches a
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1. Pull
REQ
2. Take a
picture
3. See what's
coming up
Figure 8.13.: PADE Demonstrator “Advanced Turning Assistant”: Blue car requests still
picture (1) taken by webcam in another car (2) in order to assess situations
occluded from her perspective (3).
major road and is expected to yield. At the same time, the red car driving on the major
road is turning into the road, but the view is occluded from the blue car’s perspective.
Using the advanced turning assistant, the driver of the blue car requests a still picture
of the street that is not visible from her perspective from the Car2X neighborhood. The
red car responds to the request and makes the driver of the blue car aware of the yellow
car which is not in the view field of the EGO car.
From the perspective of LGHS-CD, the goal is to discover a vehicle that is in an opti-
mal angle to the EGO car, e.g. in Figure 8.13 almost orthogonal. Therefore, the request
contains position and heading of the EGO. The goal condition is checked in receiving
cars by comparing whether their own position and heading is optimal compared to the
received information. Recall that LGHS-CD uses LGHS with an approximation of v˜goal
if no crumbs are available. In the example of the advanced turning assistant this approxi-
mation can be done by forwarding the request to vehicles that are close to the intersection
in front of the EGO vehicle.
A special challenge during implementation was the size of the picture. Maximum pay-
load of a REM is 1024 bytes. A picture using jpeg compression in VGA resolution is
typically significantly larger in size. Therefore, image data had to be split over several
packages. To transfer the requested image, around 50 REMs had to be sent. Therefore,
additional fields were added to a REM. Every message contained its sequence number
as well as the total number of messages in this sequence. The receiving application then
issued a presentation task after all messages arrived, or after a time-out, only parts of
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the image. The request was considered to have failed if more than 50% of messages in
a sequence were lost. When the first message was received an estimated arrival time of
remaining packets was calculated. If this time was exceeded, the corresponding message
was re-requested.
This message-splitting procedure was added to the PADE platform itself and is there-
fore also available to other applications. It is always used when the payload of a REM
exceeds the maximum allowed size. Note that the procedure had to be implemented
on the application layer since the NEC implementation of the Car2X network stack is
closed source and there is no possibility to add this procedure to the network layer. The
fragmentation and assembly of messages on the application level led to a minor decrease
in performance but proved that the Pull paradigm is realizable by enhancing existing
Car2X technology.
8.3. Interaction with Environmental Displays
In Section 6.7, the Pull use case “context aware environmental displays” (see Section
6.2.3) was selected as the second demonstrator for this thesis. In this particular imple-
mentation, the demonstrator combined several components developed at DFKI. The use
case is described as follows: A driver of a car is waiting at a red traﬃc light while an
environmental display shows advertisements for two diﬀerent movies. The user’s gaze on
one of the movies is highlighted by the environmental display giving immediate visual
feedback of what is in the focus of her attention. If desired, additional information can
be accessed and a ticket reservation can be made by multimodal interaction. If the user
asks for details about the movie, a trailer is started on the environmental display while
audio is played within the car.
PADE’s view on this demonstrator is presented in Figure 8.14. Other components
involved (colored in gray) are:
• SiAMDP: A multimodal dialog platform developed in the DFKI project SiAM
[Nesselrath and Feld, 2013] that is specifically tailored to automotive applications.
It is built upon OSGi, a service platform for Java that enables modular application
development.
• EyeVius: A system for precise real-time situation understanding. Among others, it
uses an environment model and an embedded Tobii eye tracker to identify gazing
targets of the user.
For the visual representation of the ticket reservation process, PADE’s presentation
module is used and connected via the OSGi service platform to SiamDP. Six additional
presentation models were designed each of them representing a step in the ticket reser-
vation process.
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EyeVius makes the system aware of the movie that is currently in the user’s focus of
attention. It is connected as a device to SiamDP. On focus change, SiamDP notifies a C2X
PADE application, which then generates a REM and sends it to the environmental display
via 802.11p. The same applies when the dialog system asks to start the movie trailer.
Audio is not streamed but started separately in the car. On the environmental display,
another PADE application waits for REM requests and notifies the poster application to
either start the movie trailer or to change the focused part of the poster.
Environmental
Display
PADE
BMW (OSGi)
SiAM DP
PADE OSGi wrapper
Application 
Module
Presentation
Module
Comm Module
Messaging 
Support Module
LGHS-CD
Module
Wireless Comm. 
Technologies,
e.g. 802.11p
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Messaging 
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Wireless Comm. 
Technologies,
e.g. 802.11p
REM via
802.11p
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TCP/IP
OSGi
services
TCP/IP
REQs:
Highlight movie
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Figure 8.14.: Technical setup of the PADE demonstrator “Interaction with Environmental
Displays”.
8.4. Personalized Applications
The presentation module of PADE has been used by other work at DFKI in the context
of speaker classification and adaption. It helped to demonstrate applications for adaptive
automotive HMI and was chosen because of its flexible approach to presentation models.
This section gives a short overview of developed applications and their context.
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Figure 8.15.: Personalization of PADE’s presentation module. A1/B1: Unmodified ver-
sion; A2/B2: Modified presentation model for people with visual impair-
ments. Image source: [Feld, 2011].
8.4.1. Adaptation of an In-Vehicle Information System
In [Feld, 2011] a speaker classification framework for non-intrusive user modeling is de-
veloped. In order to demonstrate the capabilities of the system, a series of systems have
been augmented by personalization aspects. Among these, PADE’s presentation module
was enhanced in order to support perceptibility of graphical elements of the simTD func-
tions. Therefore, presentation models implemented for the simTDsystem were augmented
by parameters for personalization. The adapted AUML was then interpreted by the UI
in order to create personalized visualizations of the presentation model. Three simTD
functions were chosen for demonstration: obstacle warning, traﬃc light assistant, and
internet-based services (parking information). Adaptations to the graphical UI included
an additional layout for normal and impaired vision, e.g. larger font size for warnings
and the traﬃc light assistant. Furthermore, parking information distinguished between
female and male drivers. In the first case, parking spaces for women were highlighted.
Presentation models of the three functions were therefore enhanced by age class and
gender of the user. Additionally, further parameters controlled the speed of the text-
to-speech (TTS) synthesis and the voice of the system. Results are shown in Figure
8.15.
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8.4.2. HMI Adaptation for People with Visual Impairment
Figure 8.16.: Personalization of PADE’s presentation module. The presentation model
has been enhanced by shapes in order to support colorblind people. Image
source: [Majstorovic, 2013].
In [Majstorovic, 2013], PADE’s presentation component is optimized for people with
visual impairments. The system retrieves a user model from KAPcom which is a result
of the speaker classification framework developed in [Feld, 2011] and changes the user in-
terface depending on the disability of the driver. The focus is on color blindness, but low
vision, e.g. retinal problems and dyslexia are also considered. The goal of the thesis is to
adapt the simTD HMI for colorblind people without restarting the system. Two studies
were conducted: First, generic parameters and rules for adaptation of the user interface
for colorblind people were identified. The second was to confirm applied adaptations.
Studies by [Majstorovic, 2013] thesis suggest adaptations by means of colors, positions,
shapes, and patterns in order to support colorblind people using the simTD functions.
She presents several principles that are applied to the presentation models. For exam-
ple, shapes are used in order to distinguish between visual elements with confusing colors.
The following functions were enhanced in order to support the principles mentioned
above:
• Cross traﬃc assistant
• Electronic brake assistant
• Traﬃc light assistant
• Traﬃc jam warning
• Parking information
In Figure 8.16 an example for the traﬃc light assistant is described. Detailed informa-
tion can be found in [Majstorovic, 2013].
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8.5. Netbike: Implementing the Multiple Reality Model
In this section a first proof-of-concept implementation of the Multiple Reality model (see
Section 6.6) is given. A corresponding use case has been introduced and selected for
implementation in Section 6.7.
The implementation exploits special characteristics of infrared light and is integrated
into a novel form of conspicuity enhancement for vulnerable road users (VRUs). The
communication module of PADE is used in order to incorporate bicycles into the exist-
ing network and is therefore standard compliant. Current approaches turn on flashing
lights and horns in order to increase the visibility of motorcycles (cf. 3.2.3). However,
this approach comes with various drawbacks: First, the solution is visible and audible by
other, uninvolved road users as well. This could lead to serious distraction. Second, cur-
rent solutions are expensive and not tailored to the needs of bicyclists. Third, the power
consumption is designed for motorcycles, not for bicycles where powerful batteries are
absent. Netbike addresses these disadvantages: By augmenting Car2X-based cross-traﬃc
assistance with Multiple Reality, the very nature of MR directs cross-traﬃc assistance
warnings to the specific addressee, hence overcoming current disadvantages such as pos-
sible distraction of uninvolved road users. Furthermore, the integration in PADE uses
low-cost consumer hardware and is therefore very attractive for bicyclists.
System Overview
Figure 8.17 depicts an overview of the Netbike system. It consists of two parts, one
running on the car, the other on the bicycle. The part on the bicycle consists of a
smartphone, a communication unit and the conspicuity enhancement module. Relevant
sensor data (positioning, heading, etc.) are obtained from the smartphone which is
connected via Bluetooth and also serves as HMI for the bicyclist. The obtained sensor
data are then broadcast by PADE’s communication module to the vicinity. In this first
implementation the car is equipped with an infrared camera. It is placed on the hood of
the car and captures the whole scene. Two infrared detectors (see Section 8.5.1) recognize
the visibility enhancement (here infrared light) of the bicycle and display the scene with
the bicyclist surrounded by a red triangle on a head down display (HDD) in the car.
Since there is restricted computing power available on the bicycle, only the car assesses
the situation. In case of an impending crash it sends out a Pull request to the bicycle to
switch on the conspicuity enhancement.
Communication Module
In the case of the Netbike system, the communication module of PADE is realized using
consumer hardware (MikroTik Routerboard RB433UAH with a 680 MHz MIPS pro-
cessor). It runs a custom built version of OpenWRT1, a popular Linux distribution for
embedded devices. For wireless connectivity, a standard 802.11a/b/g card and Bluetooth
1https://openwrt.org/
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Figure 8.17.: High-level overview of the Netbike System. Left: modules on the bicycle,
right: Modules on the car.
are available. 802.11a is used in ad-hoc mode in order to communicate with other cars;
Bluetooth connects the smartphone and the on-board unit and transmits sensor data
(position, speed, heading).
Communication is handled by a custom-compiled NEC Car2X Communication SDK[Festag
et al., 2009], kindly provided by NEC Europe Ltd., for the PADE platform. In this setup,
802.11a is used for communicating with other road users. The frequency of 802.11a and
the standard itself is close to 802.11p (see Table 2.15).
Netbike Client
Cross-traﬃc assistance systems rely on sensor data such as positioning, heading and
speed. These data are broadcast to the close vicinity and are then assessed by an ap-
plication logic which uses these data in order to identify critical situations. Vehicles can
easily be equipped by such sensors. Weight and costs are minimal in comparison to costs
of a car. Also, power consumption is not relevant for such sensors.
However, on the bicycle the situation is diﬀerent: Although people consider cross-traﬃc
assistance as a reasonable extension for their bicycle, they may not be willing to spend
a large amount of money for this feature.
The Netbike system realizes a sensor module in the form of a ordinary smartphone.
Relevant sensors like GPS, speed and heading are available on these platforms. It is
linked via Bluetooth into the communication module. The smartphone also serves as an
HMI for the bicyclist. Obtained sensor data are then broadcast by the communication
module to the vicinity. In this implementation a Google Nexus One is used, running
Android 2.1. Car2X-compliant communication is realized by the on-board unit. The
smartphone itself is not suited for the following reasons: First, smartphone operating
systems do not allow access to lower layers which would be required in order to configure
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Figure 8.18.: Data flow and software components in the Netbike system.
the wireless hardware. Second, wireless transmission power of a smartphone is limited.
Third, every additional smartphone operating system requires a reimplementation of the
application logic.
Software Architecture
Figure 8.18 shows individual software components and the information flow of the Net-
bike system. remote procedure calls are used for communication between Netbike client
(smartphone) and on-board unit (routerboard). Since bidirectional communication is
required, server and clients have been implemented on both ends. The common standard
XML-RPC2 and the implementation by the Apache Software Foundation3 were used for
realizing remote procedure calls.
During startup, the communication module advertises its services via Bluetooth. The
application module of PADE provides access to relevant functionalities such as the neigh-
borhood table and message management. Applications can also register remote procedure
calls in order to transparently communicate with the Netbike client. For Bluetooth com-
munication, the Android API already provides the necessary tools for realizing RPCs.
However, on the routerboard, the Bluetooth stack of the Linux operating system had to
be exposed to Java using JNI (Java Native Interface).
2http://xmlrpc.scripting.com/
3http://ws.apache.org/xmlrpc/
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Power Supply
The system is powered by a motorbike battery of type CT6B-3/YTZ7S. It provides a
12 volt power supply with a capacity of 6 Ah (= 12 x 6W h = 96W h). A maximum
consumption of 32W by the Routerboard ensures three hours of operation. However, the
average power consumption of the C2X module is far lower than 32W, which increased
operation time on one battery charge.
8.5.1. Multiple Reality Module
In this first proof-of-concept implementation, specific characteristics of infrared light are
exploited in order to enhance conspicuity of the cyclist. Only the detection module
mounted on the car is able to recognize the signal of the LEDs due to the requested
and unique pulsation pattern: The wavelength of infrared light is not perceivable for the
human eye, and thus will not confuse or distract other uninvolved road users, but can
easily be detected and tracked by the corresponding equipment, such as infrared cam-
eras. Installed LEDs emit infrared light of about 940nm wavelength at an angle of 160 .
They were chosen to match the most sensitive frequency range of the detection module.
Maximum power dissipation was 75mW at a maximum forward current of 50mA. In this
configuration the forward current is about 33mA.
The prototype was equipped with 4 LEDs which were installed on the front of the
bicycle and connected by wire to the on-board unit. Mounting them at an angle of 90 
to each other resulted in a total viewing angle of 250 .
The installed infrared LEDs cannot be accessed from the routerboard directly. In
order to control the module, the Arduino platform was used4. Arduino is an open-source
platform based on Atmel AVR micro-controllers. A board usually has several pins for
input/output, a USB or serial-port, a small amount of flash memory and a processor
unit.
8.5.2. Detection module
For detecting and tracking the movement of the cyclist, infrared cameras are necessary.
In this first proof-of-concept implementation, two remote controls from the Wii gaming-
console by Nintendo5 (wiimotes) realized infrared detectors (see Figure 8.17). These
remotes have become popular in the past years because, apart from the low costs, the
infrared cameras are very sophisticated and oﬀer an API in order to implement one’s
own applications.
A built-in processor runs an 8x sub-pixel analysis of the 128x96 pixel input signal
and provides an overall resolution of 1024x768 pixels. In the prototype system the two
wiimotes are mounted on the hood of the car at a distance of 0.6 meters from each other
4http://www.arduino.cc/
5http://wii.nintendo.com
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and connected to the onboard computer of the car via Bluetooth. To obtain useful data,
a smoothing-filter over the last two received coordinates is applied to the raw signal:
coordt = 0.5 ⇤ coordt + 0.25 ⇤ coordt 1 + 0.25 ⇤ coordt 2.
Because of the overlapping field of view, either one or both of the cameras will detect
the light emitted from the bicycle. In the first case, the detected coordinates from just
one camera are used; in the second case the average between the two corresponding coor-
dinate pairs (i.e. the average of the x-coordinates and the average of the y-coordinates)
is computed.
The whole scene is also tracked by a camera mounted on the hood of the car. It shows
the entire scene on a HDD in the car. From sensor fusion of the wii-mote coordinates and
camera image, an overlay around the bicycle is computed and shown to the driver. Note
that the camera and HDD is only used in this proof-of-concept implementation. The
Multiple Reality model itself does not specify how the perceivable characteristics have
to be changed in order to increase visibility. A future implementation could use special
windshields similar to Head-Up-Displays (HUD) but without the drawbacks of Hybrid
Reality, e.g. tracking robustness.
The Netbike system described in this section was demonstrated at the International
Conference on Intelligent User Interface (IUI) [Castronovo et al., 2011a] and the Interna-
tional Conference on Automotive User Interfaces and Interactive Vehicular Applications
(AutoUI) [Castronovo and Endres, 2010].
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9. A Simulation-Based Evaluation of
LGHS and LGHS-CD
In this chapter, the core components of PADE, LGHS and LGHS-CD, are evaluated.
They were implemented as routing scheme and integrated into the network layer of
a wireless ad-hoc network simulator. Both algorithms were first optimized on a sam-
ple scenario and then executed on street networks of German cities. While LGHS was
tested against two reference algorithms, these were not available for LGHS-CD. There-
fore, LGHS-CD was evaluated against an upper and a lower bound.
9.1. Implementation of f˜ , w and g˜
Recall that the graph G = (V,E) is represented by the underlying city map. Intersections
are vertices v 2 V ; road segments denote edges e 2 E. G˜ = (V˜ , E˜) is spanned by the
vehicular ad-hoc network. Vehicles are represented by v˜ 2 V˜ ; edges e˜ 2 E˜ are considered
as wireless connection between two vehicles. The abstractly defined functions f˜ , w and
g˜ of Section 5.2 are then implemented as follows: Given a time t, f˜ assigns vehicles to
specific road segments. Weights are calculated from the distance to the beginning of
the assigned road segment. In the application domain of communicating vehicles, f˜ is
responsible for controlling and updating positions of vehicles therefore realizing vehicle
movements over time. Function w returns the distance between a vehicle in transmission
range and an intersection on the city map. Furthermore, the vehicles include the road
segments which they have travelled as well as their most probable path in their position
updates. This realizes function g˜.
9.2. Evaluation of LGHS
LGHS performed a point-to-point sending task in a simulator for evaluation of vehicular
ad-hoc network applications (C2X Simulation Runtime Infrastructure or short VSimRTI
[Naumann et al., 2009]). VSimRTI coordinates diﬀerent simulators and constitutes mid-
dleware between the individual simulators (cf. Section 2.2.3). For realistic simulation,
the wireless network simulator JiST/SWANS [Barr et al., 2005a] [Barr et al., 2005b] and
the traﬃc simulation SUMO [Behrisch and Bieker, 2011; ?] were used. Furthermore, the
eﬀect of buildings on wireless transmission is considered as an extension to the simulator
(cf. Section 7.6). Two vehicles are only able to communicate if and only if there is a
line of sight between them. This serves as a lower bound on the connection between the
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Figure 9.1.: Static graphs used for parameter optimization and evaluation. Left: Ran-
domly generated, used for parameter optimization (1200m x 1200m). Right:
Graph generated out of realistic road network of the city of Heidelberg, Ger-
many used for evaluation (1200m x 1200m).
vehicles in the network simulator.
The performance of LGHS is compared to A-STAR [Seet et al., 2004] and GPSR-
MA [Granelli et al., 2007] in terms of path discovery ratio (PDR) and path discovery
time (PDT). The first metric measures the ratio PDR = SuccessfulShortestPathDiscoveriesTotalShortestPathSearches ;
the second indicates time from the beginning to the end of the shortest path search
PDT = tend   tstart. Both algorithms were described in Section 2.2.2.
9.2.1. Scenario
Evaluation was done in a scenario where every vehicle starts one shortest path computa-
tion to a given car, e.g. the center of the underlying city map. The information providing
car remained stationary while all others were driving along a route on the map.
Weights for heuristics 1 – 3 introduced in Section 5.2 were optimized on a randomly
generated map shown in Figure 9.1 (left). Weights and values for ! and ⌧ , which were
found to be optimal for LGHS, are given in Table 9.1. The goal of the optimization was
a high PDR.
After optimization, evaluation was carried out on a map generated out of an existing
city environment (Heidelberg, Germany; Figure 9.1, right). The Evaluation runtime was
120 seconds and the shortest path computation was started after 20 seconds simulation
time. This ensured a realistic and even distribution of vehicles on the map. n vehicles
per second were placed on the map by the simulator and removed after they completed
their route, where n 2 {1, 2, 3, 4}. For n = 1 this resulted in 120 path computations.
Every run was repeated three times for every n and algorithm. This means there were
120 ⇤ 3 = 360 path computations for n = 1 in total per algorithm and 720, 1080, 1440
for n = 2, 3, 4 respectively, resulting in a total of 3600 path searches per algorithm.
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Table 9.1.: Values of the various weights used during the evaluation. The three on the
left side denote the weights for the diﬀerent heuristics while the two on the
right were used for the score computation of heuristic 2 (see Figure 5.4, left).
Heuristic Weight Heuristic 2 score
weight value score value
↵ 0.5 ! 2
  0.3 ⌧ 1
  0.2
9.2.2. Results and Analysis
Results in Figure 9.3 show that LGHS outperforms A-STAR and GPSR-MA in terms
of PDR. As expected, PDR increases with increasing traﬃc density. A-STAR obviously
benefits from the available information about the underlying city map (the static graph
G). GPSR-MA lacks this kind of information, which results in a lower PDR. As LGHS
also takes local information about graph operations in G˜ (the vehicular ad-hoc network)
into account, it scores higher on PDR than both A-STAR and GPSR-MA. The results
are statistically significant (p < .001 according to a  2test).
However, in terms of PDT, GPSR-MA is superior to A-STAR and LGHS. Both A-
STAR and LGHS re-schedule path searching in a vertex when no suitable successor vertex
could be identified for the shortest path. GPSR-MA’s behavior in such a situation is to
greedily select a next vertex out of the neighboring vertices and do no re-scheduling at all.
This also explains low PDR for GPSR-MA. Interestingly, PDT increases for GPSR-MA
but decreases for both A-STAR and LGHS when there are more vehicles on the graph.
In this case, both A-STAR and LGHS have an increased number of vertices available for
choosing the next vertex for the shortest path, and the probability of finding a suitable
one also increases since re-computing time for heuristics is lower than the re-scheduling
interval PDT decreases in this case. Because LGHS considers local information about
graph operations, it supersedes A-STAR in terms of PDT over time which results in a
lower number of re-schedules.
Figure 9.2 depicts Voronoi visualizations for all three algorithms after a run with n = 4.
Black dots mark starting positions for shortest path computation. Enclosing colored areas
denote PDT to the center of the map for an individual path in ms (more red areas mark
higher PDT). After a threshold of 15000 ms, path computation was stopped and marked
as failed. One can clearly see the short PDT but low PDR of GPSR-MA: Paths are found
quickly or not at all. Re-scheduling in cases when no successor vertex for the shortest
path can be identified results in stepwise PDTs. Results of LGHS reflect high PDR even
for large path lengths due to exploiting local information on dynamic graph operations.
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Figure 9.2.: Voronoi diagrams visualizing PDR and PDT. Dots mark the nodes in which
the path computation started; color denotes the average time until the short-
est path completed in the enclosed region (the greener the faster. The redder
the slower. Dark red: not successful). Left: GPSR-MA (n = 4), fast but
unreliable; middle: A-STAR (n = 4), slower but more reliable than GPSR-
MA due to taking correlation of G˜ and G into account; right: LGHS, n = 4,
taking correlation between G˜ and G as well as local information on dynamic
graph operations into account outperforms GPSR-MA and A-STAR.
9.3. Evaluation of LGHS-CD
For evaluation of LGHS-CD, a similar technical environment as for LGHS has been
built: The algorithm was integrated into the Transportation Layer of the Car2X network
stack while VSimRTI [Schünemann, 2011] coordinated simulation of SUMO [Behrisch
and Bieker, 2011] and JiST/SWANS [Barr et al., 2005a], [Barr et al., 2005b].
Metrics for measuring performance of LGHS-CD were defined such that eﬀects of routes
and crumbs could be observed over time. The performance improvement over time was
an important factor for evaluation of LGHS-CD. The following hypotheses were stated:
1. LGHS-CD will develop a significantly higher cycle discovery ratio (CDR(t)) over
time than the reference algorithms.
2. LGHS-CD will develop a significantly lower average cycle weight (ACW(t)) over
time than the reference algorithms.
3. The average number of visited vertices (NVV(t)) per cycle of LGHS-CD will be less
than for the reference algorithms.
Analogous to LGHS, CDR(t) is defined as NumberOfSuccessfulCycleDiscoveriesNumberOfTotalCycleDiscoveries for a time
interval (0, t). Due to the eﬀect of crumbs, higher CDRs can be expected when more cycle
discoveries succeed. Furthermore, ACW(t) describes the average weight of cycles over all
discovered cycles during a simulation run. Weight of a cycle is defined as the sum of all
edge weights that were collected between two v 2 V during forward and backward mode.
Since i.d is distributed over the dynamic graph and stored in certain vertices during
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Figure 9.3.: Path Discovery Ratio (PDR) and Path Discovery Time (PDT) results for
all three algorithms. The x-axis encodes the number of path searches, the
y-axis encodes the percentage of successful path searches (PDR) and time in
ms (PDT). GPSR-MA does not reschedule when no suitable successor vertex
for the shortest path can be found. Increasing the number of vertices in the
graph aﬀects PDT for A-STAR and LGHS.
backward mode, ACW is expected to decrease over time. For the same reason, the av-
erage number of visited vertices per cycle (NVV) is also expected to be smaller over time.
In contrast to LGHS, no algorithm is available for discovering least-weighted cycles on
unknown fully dynamic graphs. Therefore, LGHS-CD is evaluated against a lower and
an upper bound. In this case, the lower bound is the baseline referred to as Random
Walk (RW). This approach randomly selects a n˜ 2 N˜ as next vertex during forward mode
and checks for goal condition i. Once it discovers a vertex fulfilling i, the same random
procedure is done for backward mode. Two additional constraints had to be introduced
in order to guarantee termination. First, the number of visited vertices per cycle discov-
ery was restricted to 256 per mode. This results in a maximum of 512 execution steps
for forward and backward mode. Second, during the next vertex decision, RW must
not select a vertex visited during the previous step. This prevented “bouncing” between
two vertices. As an additional restriction for RW, no benefit computation was done and
therefore, i.d was not distributed or stored in other vertices.
For the upper bound, a modification of the original LGHS algorithm is used such that
v˜goal and its correlation to G is known during forward mode. Analogously, v˜start is known
during backward mode. It is important to note that this is an upper bound but not the
optimal solution. LGHS’ still needs to discover shortest paths on the unknown fully dy-
namic graph. The optimal solution would need to know future dynamic graph topology
in order to compute optimal cycles. However, the dynamics of G˜ is nondeterministic in
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the evaluation setup used; hence this information is not available. However, discovering
v˜goal and v˜start using crumbs is one of the key features of LGHS-CD. Therefore, LGHS’
with exact knowledge of v˜goal and v˜start serves as a suitable upper bound.
Referring to hypotheses 1 – 3, this means that the following results are expected, where
>* denotes significantly greater, and <* significantly less than:
• CDR(t): LGHS-CD >* RW, LGHS-CD <* LGHS’
• ACW(t): LGHS-CD <* RW, LGHS-CD >* LGHS’
• NVV(t): LGHS-CD <* RW, LGHS-CD >* LGHS’
9.3.1. Scenario
Figure 9.4.: Optimization graph G for LGHS-CD. As for LGHS it was derived from a
grid but features more variance length of edges to get varying cycles.
As for LGHS, parameter optimization was done on a randomly generated (static) graph
as shown in Figure 9.4. In contrast to LGHS, this graph contains a high variance of edge
weights, which was necessary for generating routes with diﬀerent weights. Dimensions
of the graph in the simulation environment were also set to 1200x1200 m. During the
optimization process, the following values for LGHS-CD were determined:
• Default value for a new crumb in a vertex cdef = 100.
• Decrease crumb values by 2 during backward mode: cdec = 2.
• Increment existing crumb values by 20 during backward mode: cinc = 10.
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• Decrease unused crumbs every 5 time-steps: tdec = 5.
Determined values for cdef , cdec and tdec are balanced in such a way that crumb values
decrease just enough over time in order to distinguish current routes from previous ones.
If cdef was too low and decreased quickly over time, a current route would vanish too
early. In the opposite case, where cdef is too high and crumb values decrease too slowly,
variation between individual crumbs would not diﬀer enough to distinguish the routes.
Crumbs and routes defined by them can only aﬀect performance of LGHS-CD when
previous cycle discoveries succeeded. This is due to the fact that crumbs are only set
during backward mode. Therefore, an improvement over time is expected. In order
to show this improvement over time, simulation runtime was increased by 120s to 240s
in comparison to evaluation of LGHS. Every algorithm used for the evaluation stopped
after 256 visited vertices. This prevented non-terminating instances of the cycle-detection
procedure.
The three evaluation maps as well as the corresponding SUMO networks are shown in
Figure 9.5. In contrast to LGHS, evaluation of LGHS-CD was done on maps of three
diﬀerent cities: first, Frankfurt am Main / Niederrad (FFM). The chosen street network
is part of the simTD test field and allows simulation in a similar scenario in which the
field operational test was conducted. The second city is Heidelberg (HD). LGHS was
already evaluated on this network. The third network was constructed from the campus
roads of Saarland University in Saarbrücken (SB).
The simulation parameters were set as follows:
• Graph dimensions: 1200 x 1200 m.
• Simulation runtime: 240 s.
• Initial location of v˜start was set to the center of the map.
Similar to LGHS, several runs per algorithm were conducted. n vehicles per second
were added to the simulation where n 2 1, 2, 3. Each algorithm was run with these
parameters on all three maps, resulting in 27 simulation runs. Cycle discovery was
started once per vehicle 20 seconds after the car was added to the simulation. Data
was analyzed after the simulation with respect to CDR, ACW, and NVV. One randomly
selected car fulfilled the goal condition. In contrast to LGHS, it was not stationary but
followed its assigned route that was set by the traﬃc simulator.
9.3.2. Results and Analysis
In the following discussion, results for all three metrics are covered. Each result graph
shows one metric for all algorithms on an evaluation map. The term “Xps” refers to the
added vehicles per second, e.g. 1ps. Note that all cycle discoveries were started with an
oﬀset of 20 ± 4 seconds in simulation time. Therefore, all result graphs are plotted with
this delay on the x-axis.
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Circuit Discovery Ratio (CDR)
Figure 9.6a shows CDR for the FFM scenario. At the beginning of the simulation no
crumbs exist and several cycle discoveries fail. This explains why LGHS-CD can never
result in 100% CDR. LGHS-CD reaches approximately 60% CDR at the end of the simu-
lation in the 1ps condition. This is far below of 95% CDR for LGHS’ in the 1ps condition.
This indicates that the route maintenance cannot be fully exploited when fewer vehicles
are on the map. It also is an indication for less accurate approximation of v˜goal during
step 2 in forward mode. However, LGHS-CD scores consistently higher on CDR than
RW in the 1ps condition. Crumbs therefore improve CDR compared to the baseline. The
number of vehicles on the map has a high impact on the resulting CDR. For condition
2ps, crumb eﬀects are immediately visible (high gradient of the plot). CDR of LGHS-CD
outperforms the baseline at approximately 75 seconds of simulation time and reaches
nearly 80% at the end of simulation (LGHS’: 90%). The approach to LGHS’ becomes
even more clear in the 3ps condition. Here, LGHS-CD reaches 91% while LGHS’ scores
95%.
The topology of the scenario HD depicted in Figure 9.5b diﬀers from FFM in that
it resembles more a grid while FFM contains connected clustered areas. This fact is
also reflected in results of CDR as shown in Figure 9.6b. RW reaches 40% in the 3ps
condition. 1ps and 2ps are even below that. The grid structure allows added vehicles
to be distributed equally on the map. The probability of discovering the target vehicle
is then lower than for the FFM scenario where clusters and thin connections in between
exist. While LGHS-CD can compensate for this by relying on crumbs, RW cannot. This
is reflected by higher CDR of LGHS-CD even in the 1ps condition. For 3ps, LGHS-CD
is above 80% on the HD scenario at the end of simulation.
The network of the SB scenario (Figure 9.5c) features fewer streets within the same
dimensions. This resulted in a high vehicle density even in the 1ps condition. Accordingly,
all three algorithms result in higher CDR than for the other two scenarios. Still, RW
is below LGHS-CD at the end of simulation. In this last scenario, the 3ps condition
performed almost equally to LGHS’, as shown in Figure 9.6c.
Average Cycle Weight (ACW)
The second metric, average cycle weight (ACW), is shown in Figure 9.7 for all three sce-
narios. Note that the y-axis has been scaled logarithmically in order to compare results
of all algorithms in one graph. As shown in Figure 9.7a, RW results in high cycle weights
(above 10,000) while cycle weights of LGHS-CD constantly decrease over time. At the
end of simulation, ACW even falls below LGHS’. Crumbs on the route aﬀect performance
of LGHS-CD significantly with respect to ACW. RW cannot exploit this information.
In scenario SB, ACW of LGHS-CD converges even faster to a value around 100 because
of the more compact street network compared to the other two scenarios. For all three
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scenarios, LGHS-CD almost reaches the performance of LGHS’, which is close to an
optimal solution.
Number of Visited Vertices (NVV)
The third and final metric is the number of visited vertices (NVV). Recall that after
a limit of 256 hops, cycle discovery was aborted. This results in a maximum result of
256 on the y-axes in Figure 9.8. Also here, the y-axes have been scaled logarithmically.
The random approach of RW is close to this limit, as expected. LGHS-CD is far below
this limit due to crumbs and subgraph approximation. Also for this metric, diﬀerences
between the nearly optimal solution LGHS’ and LGHS-CD are negligible.
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(a) Evaluation map 1: Frankfurt am Main / Niederrad (FFM)
(b) Evaluation map 2: Heidelberg (HD)
(c) Evaluation map 3: Saarland University, Saarbrücken Campus (SB)
Figure 9.5.: Evaluation maps for LGHS-CD. Left: Open Streetmap views, right: SUMO
networks.
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(a) CDR for map FFM
(b) CDR for map HD
(c) CDR for map SB
Figure 9.6.: Evaluation results for CDR on all three maps.
197
9. A Simulation-Based Evaluation of LGHS and LGHS-CD
(a) ACW for map FFM
(b) ACW for map HD
(c) ACW for map SB
Figure 9.7.: Evaluation results for ACW on all three maps.198
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(a) NVV for map FFM
(b) NVV for map HD
(c) NVV for map SB
Figure 9.8.: Evaluation results for NVV on all three maps.
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10. Integrating PADE into Test Vehicles
10.1. Test Vehicle Integration
The PADE system has been integrated into the BMW 5 series test vehicle at DFKI.
Demonstrators described in Section 8.2 and 8.3 became an integral part of the Advanced
Driver Assistant (ADAS) Lab, one of the Living Labs at DFKI. A regular desktop PC
(Intel core i7, Windows OS) was installed in the trunk of the test vehicle and served as
the application unit. A professional voltage converter ensured a reliable power source.
For the communication module, a Linkbird MX was connected via ethernet in order to
establish communication between JAPI and C2X SDK (cf. Section 7.8).
Communication
Module
802.11
b/g802.11p
(a) PADE’s communication module and anten-
nas for 802.11b/g/p.
(b) PADE’s presentation module.
Figure 10.1.: PADE integration into the BMW 5 series test vehicle at the Advanced
Driver Assistant Lab (ADAS).
In order to transfer data over regular WiFi, a USB network card with an external
antenna was plugged into to the application unit. Both antennas (Linkbird and desktop
PC) were led through one of the side windows and attached magnetically to the roof
of the car. This ensured the best communication between vehicles and infrastructure.
A second test vehicle (Smart fortwo) was equipped with hardware from simTD. The
application unit was a NEXCOM VTC6200 embedded PC with an Intel ATOM CPU.
The communication unit was simTD-specific hardware developed by Continental, but
NEC was also responsible for providing the Car2X network stack. The Smart was used
for demonstrating the on-demand traﬃc information system that was presented in Section
8.2.
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10.2. simTD Field Operational Test
As described in Section 8.1, the presentation component of C2X PADE was applied to
the simTD FOT and was experienced by over 400 drivers on a daily basis. During the final
press event on June 30, 2013, where results of the project were presented to the public,
several OEMs decided to show their own (graphical) implementation of the HMI while
the underlying presentation component was left untouched. Among these were Opel
and Volkswagen. Both of them wanted to show series-production readiness of Car2X
technology and therefore fully integrated the HMI into their cars. Therefore, PADE’s
presentation component was adapted to fit fully into Opel’s and VW’s multimedia system
and the OEMs were provided with the AUML specification to develop their own UI. This
section describes their implementations.
10.2.1. Integration of PADE into the Volkswagen Golf VII
The seventh generation of the popular Golf by Volkswagen features a large touch-sensitive
display on the center stack and a multifunctional display that is integrated into the in-
strument cluster. This is typically used by the IVIS to display information from the
touch-sensitive display in iconified form, for example compact guidance instructions from
the integrated navigation system.
Figure 10.2.: PADE’s presentation component integrated into the Volkswagen Golf VII.
An additional display strategy representing the multifunctional display was
added to the presentation model. Left: traﬃc light assistant; right: emer-
gency vehicle warning. (Image reproduced with the permission of Volkswa-
gen AG.)
Both of these displays were used when PADE was integrated into the on-board systems.
On the center-stack display the fully-fledged version of the simTD HMI was presented
(Figure 10.2, right) while the multifunctional display showed iconified versions. The
underlying presentation engine controlled these two displays. Therefore, presentation
models needed to be adapted in order to reflect this additional presentation strategy.
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Because the AUML of the display strategy contained both screens, presentations ap-
peared simultaneously. During the integration process, Volkswagen was provided with
icons that were used in the symbol area on the simTD HMI. This ensured a consistent
appearance of both implementations. Furthermore, the AUML specification as contained
in the presentation model was given to the developers. Using this information, the in-
strument cluster representation was implemented. Figure 10.2 shows the resulting user
interface as it was demonstrated to the public during the final event. In these two exam-
ples, a traﬃc light assistant and an approaching emergency vehicle warning are shown.
However, the integration by Volkswagen featured all major simTD functions.
10.2.2. Integration of PADE into the Opel Insignia
Opel decided to replace the UI of the simTD reference HMI completely and built a
graphical substitution that fitted the Opel Insignia’s look and feel. However, as for the
integration done by Volkswagen, PADE controlled the presentations and decided when
to show what on the graphical UI. The implementation of Opel featured a main area
like the reference HMI but only two additional slots for presentation on the symbol area.
Presentation models were adapted to reflect this diﬀerent layout. From a user’s point of
view, there was no diﬀerence from other IVIS that are installed in series models. PADE
was fully integrated into the car’s entertainment system. Two examples are shown in
Figure 10.3: a road weather warning and a broken-down vehicle warning. The upper
bar contains series production elements of Opel Insignia’s HMI: current time and outside
temperature. The left picture in Figure 10.3 also shows two other simTD functions in an
iconified version: speed limit and roadworks information system. PADE’s presentation
engine put the highest prioritized function on the main area, here road weather warning.
Figure 10.3.: PADE’s presentation component integrated in an Opel Insignia. It consisted
of a main screen and a symbol area with two slots that were arranged
vertically. Left: road weather warning on the main screen and traﬃc sign
assistant as well as roadworks information system on symbol area. Right:
broken-down vehicle warning on main screen and traﬃc sign assistant on
symbol area. (Image reproduced with the permission of Opel AG.)
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10.3. E-Bike Fleet Management
A demonstrator for managing e-bike fleets was presented to the public from February
25th to 28th, 2013 in the context of the Mobile World Congress (MWC), Barcelona,
Spain with 72,000 visitors1. It was based on the use case “E-Bike Combined Battery and
Communication Module” as outlined in Section 6.5.2. The demonstrator showed how
renting companies, authorities, and institutions can exploit latest developments in ICT
to eﬃciently manage and maintain their bicycle fleets. The system covered basic fleet
management (security, authentication), advanced fleet management (surveillance, main-
tenance), active safety, and added-value services. During the congress the demonstrator
attracted international representatives from e-bike manufacturers as well as fleet man-
agers of motorized two-wheelers. Additionally, possible safety features were presented in
separate videos where the integration of vulnerable road users such as bicyclists into the
Car2X community was shown. Especially in urban areas where e-bicyclists reach speeds
that are above those of their unpowered counterparts, it can actively contribute to in-
creased safety. Therefore, the demonstrator addressed common danger zones for cyclists
and showed how they can be prevented using wireless ad-hoc communication, e.g. “the
door prize”: The door of a parked car is being opened at the same time a bicyclist is
passing by. By using wireless communication between car and bicycle, this dangerous
situation can be avoided by locking the doors for just a few seconds, giving the cyclist
enough time to pass.
Figure 10.4.: E-bike fleet management demonstrated at the Mobile World Congress 2013,
Barcelona, Spain. Left: battery with status LEDs; right: smartphone
connected to the bike with controls for the bike’s battery.
The following scenario was presented: A customer intends to rent an e-bike. After
registering for the service and entering her payment information an application on her
smartphone allows her to use the provider’s services. When arriving at the rental station,
the customer sends the id of an e-bike to the provider and receives an unlock code back.
The smartphone then connects to the bike via Bluetooth and verifies the unlock code. If
1http://www.gsma.com/newsroom/gsma-mobile-world-congress-2013-sets-new-records
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successful, the communication with the bike is established in both directions: The bike’s
sensors can be accessed by the smartphone app, while the bike gains internet access. The
demonstrated app turned into an HMI for the e-bike. The user was able to switch on
and control battery support while cycling, get trip information, etc. The bike confirmed
connected smartphones with status LEDs. The GPS sensor of the phone was used to
transmit the current position to the provider. Additionally, the demonstrator featured a
fitness application as an example of a added-value service.
Technically, the bike’s battery was enhanced by an Arduino board. The power sup-
ply was realized by wiring Arduino’s Power over an Ethernet connection to the bike’s
battery. The Arduino was equipped with an additionally Bluetooth module to connect
the smartphone. Arduino was also responsible for controlling the mounted LEDs. The
hardware on the bike was completely integrated into the battery and only LEDs were
visible to the visitors. A red LED indicated a locked battery while blue was used for
a successful Bluetooth connection. A green LED confirmed a successful unlock proce-
dure. The smartphone was mounted to the handlebar. Figure 10.4 shows the described
demonstrator.
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11. Conclusion
This thesis introduced the Pull Paradigm, a complimentary supplement to existing Car2X
Communication networks. In contrast to the established Push Paradigm, where the focus
is primarily on fast and eﬃcient dissemination of information, the Pull Paradigm adds
interactivity and therefore opens a wide range of additional application areas beyond
today’s safety and traﬃc-eﬃciency use cases.
Existing technologies, research, applications, and standards in the domain of Car2X
were thoroughly analyzed. Numerous missing aspects were identified that prevent an im-
mediate implementation of the Pull Paradigm with the current network stack. The main
issues were information discovery procedures, bidirectional communication, added-value
services, and standardized message formats that do not reflect Pull requests.
This led to a requirement list that defines necessary enhancements to almost every layer
of the Car2X network stack in order to implement the Pull Paradigm. Essential compo-
nents in this eﬀort are two novel algorithms for managing information flow in vehicular
ad-hoc networks. Both algorithms are formally specified with the help of graph theory
and implemented as routing algorithms for vehicular ad-hoc networks. The algorithms
have the following properties:
• Linked graphs heuristic search (LGHS) discovers shortest paths to informa-
tion sources by only relying on local information about the network. Paths are first
calculated on the street network using uniform-cost search. In a next step, three
heuristics approximate this path in the ad-hoc network.
• Linked graphs heuristic search with cycle discovery (LGHS-CD) adds
cycle discovery to LGHS and maintains routes to information sources in order to
speed up future requests. Route maintenance is done in a distributed manner and
no central management component is involved.
Both algorithms were evaluated on large, simulated city scenarios. The performance of
LGHS under the tested conditions is superior to A-STAR [Seet et al., 2004] and GPRS-
MA [Granelli et al., 2007], two routing algorithms for Car2X networks, by means of path
discovery ratio. A-STAR and GPRS-MA were chosen because they also, like LGHS, try
to exploit several characteristics of the vehicular ad-hoc network.
For evaluation of LGHS-CD no comparable algorithms could be identified. Therefore,
LGHS-CD was tested against the (almost) optimal solution and the random walk. The
(almost) optimal solution is LGHS provided with necessary information about v˜start and
v˜goal. The algorithm therefore knows exactly which forwarder is the optimal one. The
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random walk implementation selects the next vertex of a path at random. Results show
that LGHS-CD converges to the optimal solution over time on all three tested city sce-
narios.
Further important contributions to the implementation of the envisioned paradigm
were developed:
• A new message format that reflects Pull requests has been defined. The proposed re-
quested environmental notification message (REM) complements the existing mes-
sage types common awareness message (CAM) and decentralized environmental
notification message (DENM).
• A comprehensive automotive Human Machine Interface that integrates and coordi-
nates ADAS/IVIS accessing limited resources of the HMI in parallel was developed.
The focus is on information presentation. Analysis and decomposition of Pull re-
quests is subject to future work.
• OpenDS, the open source driving simulator was added to an existing simulator
coupling framework, thus enabling research on the Pull Paradigm from a user’s
perspective in the lab.
These components contribute to C2X PADE (the Car2X Platform for Application
Development and Evaluation) which supports the development of Push and Pull ap-
plications. Using this platform, the following use cases were implemented in order to
demonstrate the Pull Paradigm:
• The first demonstrator is an instantiation of the on-demand traﬃc information
system that enables the driver to request an image from another car. Following the
Pull Paradigm, the demonstrator exposes external cameras to other road users in
order to function as an on-demand traﬃc mirror in turn-oﬀ situations.
• The second demonstrator shows interaction with environmental displays (ED). The
ED is showing advertisements for two movies. By requesting more information
about one of them, the car sends REMs to the ED that trigger playback of the
trailer. Furthermore, the focus of attention is tracked and the movie currently in
the driver’s focus is highlighted. The communication with the ED is done via the
proposed REMs. The demonstrator is realized with the help of two other compo-
nents developed at DFKI: SiAMDP, a multimodal dialogue platform for automotive
applications and EyeVius, a system for referencing the outside environment.
In summary, existing technologies of the Push Paradigm were successfully extended in
such a way that the Pull Paradigm could be implemented.
11.1. Research Questions Revisited
The following research questions were answered:
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• Is the proposed Pull Paradigm applicable to established Car2X Commu-
nication networks? The current Car2X network stack was thoroughly analyzed
and results revealed a direct application of the Pull Paradigm using available tech-
nology is not feasible. In particular, underlying network protocols lack the ability
to discover information and to backtrack to the vehicle that started the request.
Therefore, LGHS and its enhancement LGHS-CD were defined with the help of
graph theory and implemented as routing algorithms in the Car2X network stack.
The algorithm discovers shortest paths to information sources in vehicular ad-hoc
networks and introduces a distributed path maintenance procedure that speeds up
future requests. Furthermore, standardized message formats are not flexible enough
to represent Pull requests. This led to the definition of requested environmental
notification messages (REMs) that supplement the currently standardized CAMs
and DENMs.
• What are possible application areas for the Pull Paradigm considering
specific limitations of Car2X Communication networks? In this thesis,
four categories of possible application areas in the context of the Pull Paradigm
are proposed: on-demand, environmental displays, social, and personalized. Each
category contains four use cases. All of them go beyond today’s safety-related
use cases and involve the driver in the communication with the environment. For
example, the microscopic parking-lot assistant enables the driver to locate a free
spot by querying the ad-hoc network. Of course, the list of use cases in this thesis
cannot be complete but helps shape the Pull Paradigm on the application level.
All proposed use cases are analyzed regarding their requirements to the underly-
ing technology. These requirements also helped define necessary enhancements of
today’s Car2X Communication networks in order to implement the Pull Paradigm.
• Are existing simulation tools applicable for integrating Pull applications?
In order to answer this question, existing tools for simulating Car2X networks were
analyzed. It turned out that simulation of complex scenarios in vehicular ad-hoc
networks requires at least a network and a traﬃc simulator. For both there exist so-
lutions in the literature, e.g. the traﬃc simulator SUMO and the network simulator
JiST/SWANS. Furthermore, simulator coupling is necessary. Also here, the thesis
can build on existing technology, e.g. the vehicle simulation runtime infrastruc-
ture (VSimRTI) [Schünemann, 2011] which enables the coupling of time-discrete
simulators and already integrates JiST/SWANS and SUMO. However, because ap-
plications of the Pull Paradigm are more focused on the user, a driving simulator
is needed. Therefore, VSimRTI was used to add OpenDS, the open source driving
simulator, to the simulation community. VSimRTI provides two interfaces that
need to be implemented in order to connect additional simulators: the federate on
the OpenDS side and the ambassador on the VSimRTI side. The federate subscribes
to vehicle movements from SUMO and Car2X messages from JiST/SWANS. Using
this information, simulated cars and network traﬃc can be visualized in OpenDS.
Additionally, the user’s EGO vehicle is represented in JiST/SWANS and is consid-
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ered by the network simulation.
• How can development of Pull applications be supported on the soft-
ware level? The thesis introduced C2X PADE, a software platform that supports
development of Car2X (Push and Pull) applications. The platform adds a novel
abstraction layer to the network stack that enables implementation of applications
that are runtime independent, i.e. there is minimal eﬀort to transfer the application
from the lab to a test vehicle. Currently, two runtimes are supported: simulation
and “real” Car2X communication. Messages can either be sent via 802.11p using
a Car2X prototyping platform (NEC Linkbird MX), or using the wireless network
stack of the operating system. Therefore, other wireless communication technolo-
gies such as 802.11a/b/g/n and UMTS/LTE are also integrated. For compatibility
with other systems developed at DFKI, PADE can run as bundle within the well-
known OSGi framework and oﬀer its services to applications.
• How can existing ADAS / IVIS and Pull applications be integrated in
a common HMI framework? C2X PADE contains a human-machine interface
module that coordinates presentation requests of independent running applications.
It introduces presentation models that contain all necessary information about the
HMI part of an application, e.g. obligatory parameters and their allowed values for
creating a presentation task. The programming interface is created dynamically
out of the information contained in the presentation model. This module ensures
situation-aware allocation of HMI resources by considering presentation strategies
based on the current display context and priorities individually set by the appli-
cation according to the current driving context. The human-machine interface
module is also integrated into the OSGi framework and oﬀers services for creating,
updating and canceling presentation tasks. The module follows the OSGi white-
board pattern in order to distribute interactions of the user to other applications
which then can react to the input. It was applied to the simTD project and was
installed in a fleet of 120 cars. The human-machine interface module was used by
several OEMs during the project in order to demonstrate full integration of Car2X
technology into their cars.
• What are qualified evaluation metrics that measure performance of the
Pull Paradigm? LGHS and LGHS-CD are core components of the Pull Paradigm.
The evaluation of these two algorithms introduced several metrics in order to mea-
sure the performance of Pull requests:
– Path discovery ratio (PDR) / cycle discovery ratio (CDR) is the
fraction of successful path/cycle discoveries versus all path/cycle discoveries
and is a quantitive measure for Pull requests.
– Path discovery time (PDT) measures the time for a path discovery.
– Average cycle weight (ACW) and number of visited vertices (NVV)
can be used for measuring the quality of discovered paths.
These metrics were used to evaluate LGHS and LGHS-CD.
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11.2. Applicability of the Pull Paradigm to First-Generation
Car2X Networks
The proposed Pull Paradigm diﬀers in essential points from established Car2X appli-
cations. In a nutshell, information source discovery and backtracking to the requesting
car is an innovation introduced by the Pull Paradigm, while current Car2X networks
rely on broadcast mechanisms. With the completion of field operational tests, Car2X
technology will soon be ready for the market, which raises the question of whether the
Pull Paradigm is applicable to first-generation Car2X networks. This section critically
analyzes this topic.
• Penetration rate is already a major challenge of the Push Paradigm. Impact
on traﬃc and safety can only be verified if a large number of vehicles is equipped
with Car2X technology. The first-day use cases after the completion of simTD were
chosen such that, even at low penetration rates, users would be able to realize the
benefit. One of this use cases is the traﬃc light assistant. The obvious reason
for choosing this use case is that traﬃc lights in highly-frequented inner-city areas
can be equipped with with Car2X technology and first-day customers immediately
recognize the value of the technology. Safety-related use cases based on vehicular
ad-hoc communication are not considered in the first-generation Car2X networks.
Some use cases of the Pull Paradigm require even higher penetration rates since
only a strongly connected network can reliably answer requests. This concerns
special use cases like the microscopic parking-lot assistant. Other use cases that
directly communicate with road infrastructure, like environmental displays, are
better suited for an application to first-generation Car2X networks. Similar to the
traﬃc light assistant, customers instantly benefit from the technology.
• Standards play a major role in the domain of Car2X networks. In contrast to
other advanced driver assistant systems, cooperative vehicles can only be success-
ful if vendor-independent communication is possible. In order to apply the Pull
Paradigm, new standards have to be developed. It was shown that this not only
aﬀects communication protocols but also message formats and applications. Assess-
ing the eﬀorts that were made during the first decade of the 21st century in order
to come up with European-wide standards, it becomes clear that this poses a major
hurdle to the Pull Paradigm. In order to overcome this limitation, one could think
of a more service-oriented Car2X network across OEMs, mobile phone providers,
and service providers. This is currently addressed in the German research activity
CONVERGE where an “open, distributed, transregional/international connecting,
provider-independent, scalable, flexible, secure and hybrid communicating Car2X
system network”1 is developed. Applications of the Pull Paradigm will greatly
benefit from results of this project.
• Bandwidth is considered as a limited resource in vehicular ad-hoc networks. Al-
though LGHS and LGHS-CD are both greedy algorithms with minimal overhead,
1http://www.converge-online.de/?id=020200&spid=en
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applications of the Pull Paradigm should communicate on a dedicated channel in
order to avoid interference with other Car2X-based ADAS. However, this means
that additional standards are required.
• Version management also poses a major challenge with respect to the Pull
Paradigm and its applicability to first-generation Car2X networks. While minor
updates may not be a problem, major changes to protocols or the network stack
might break compatibility. Updates also have to be coordinated across diﬀerent
OEMs. While it would be possible to rely on the car’s mobile connection for deliv-
ering these updates, it is not clear how users would react. Some may have privacy
or security concerns.
While this thesis showed the general feasibility of the Pull Paradigm by building upon
existing technology, application to first-generation Car2X networks is only reasonable
for use cases that send requests directly to other network entities, e.g. environmen-
tal displays. Pull applications using multi-hop requests are reserved for future Car2X
networks.
11.3. Outlook
• Currently, the simulation module of PADE refreshes positions of vehicles in OpenDS
at the time it receives updates by the simulation infrastructure. However, this
aﬀects perception of the environment by the driver steering the EGO vehicle in
OpenDS: If the simulation framework does not update in real time, the situation
might seem unrealistic. An interesting enhancement would be to control the real-
time factor of the simulation. This might be easier for the case where simulation is
too fast, but additional eﬀort is necessary for increasing the real-time factor. This
could be achieved by decreasing the model quality of the simulation.
• The presentation module of PADE will be further developed in the German research
initiative CONVERGE2. The project aims to implement an open, service-oriented
Car2X system network that connects OEMs, mobile phone providers, and service
providers. Car2X messages are not only transmitted via C2C but also using C2I
Communication, i.e. CAMs and DENMs can also be sent indirectly from vehicle
to vehicle. This adds a variety of additional paths for message delivery. In CON-
VERGE, PADE’s presentation module will be adapted to visualize these network
paths for messages within the Car2X system network.
• The simulation module of PADE supports currently only one human driver. A
valuable extension would be multi-user scenarios where a large number of drivers are
sharing the same 3D environment. This can be achieved using the scenario markup
language (SML) [Gajananan and Prendinger, 2013] which describes a method for
modeling controlled traﬃc situations. The authors describe SML as part of a novel
framework for driving simulator studies based on multi-user scenarios.
2http://www.converge-online.de
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11.3. Outlook
• The thesis focused on implementing the Pull Paradigm on the network level but
also identified missing aspects of today’s Car2X networks on the user interface
level. Here, the input of complex Pull requests while driving is not considered
at the moment. The author of this thesis is currently working on an integration
of the presentation module into the SiAM-DP, a multimodal dialog platform for
automotive applications. Multimodal interaction will greatly enhance the input
possibilities for Pull requests.
• LGHS-CD currently only considers direct communication between vehicles. One
could think of a hybrid approach that integrates RSUs in the shortest path calcula-
tions. Suppose cars also announce their presence to RSUs. Then, a central service
could manage information flow between two cars over the two involved RSUs. This
would create short paths over wired/WiMAX networks and potentially increase
path discovery ratio.
• When considering potential business models for Car2X Pull applications, one could
elaborate on the idea of micro-payments: while the Pull app can be downloaded
free of charge from the OEM’s store, users pay for every request. Of course, only
successful queries are billed, e.g. the customer only pays if the microscopic parking-
lot assistant finds a suitable spot.
• The combination of several wireless communication technologies could be valuable
for applications of the Pull Paradigm. For example, the location of a target vehicle
could be predetermined using cellular networks before sending the request over the
ad-hoc network. This could make the introduced algorithms even more reliable in
situations where no crumbs exist.
• Theoretically, the next generation of cellular radio networks (5G) will be able to
support cell-based ADAS since latency times may be close or even faster than direct
communication between vehicles. For example, if a car detects an inevitable crash
it could trigger the release of the airbag in another car (wireless airbags). When
applying this technology to the Pull Paradigm, one could think of “car drones” that
are remotely controlled (driving 2.0).
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A. Detailed Results of the Analytic
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V
eh
ic
le
 D
em
o
Si
m
ul
at
or
 D
em
o
E
xp
er
ie
nc
ea
bi
lit
y
U
sa
bi
lit
y
P
ul
l P
ar
ad
ig
m
M
ar
ke
t 
ac
ce
pt
an
ce
Im
pl
em
en
ta
ti
on
Vehicle Demo 1 3 1 3 1 7 4
Simulator Demo 1/3 1 1/3 2 1/6 5 1/4
Experienceability 1 3 1 5 1 9 3
Usability 1/3 1/2 1/5 1 1/5 5 1/4
Pull Paradigm 1 6 1 5 1 9 4
Market acceptance 1/7 1/5 1/9 1/5 1/9 1 1/7
Implementation 1/4 4 1/3 4 1/4 7 1
Figure A.1.: Comparison matrix for all criteria used for the AHP.
Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,9 Vehicle Demo 0,229 0,8
Simulator Demo 0,066 1 Simulator Demo 0,066 0,8
Experienceability 0,232 1 Experienceability 0,232 0,4
Usability 0,052 1 Usability 0,052 0,9
Pull Paradigm 0,275 1 Pull Paradigm 0,275 0,8
Market acceptance 0,020 0,7 Market acceptance 0,020 0,7
Implementation 0,125 0,8 Implementation 0,125 0,7
Overall score 0,946 Overall score 0,698
On-Demand Traffic Information System Car2X-Enabled Charging Station for Electric Cars
Figure A.2.: Detailed results of the AHP on use-case level.
215
A. Detailed Results of the Analytic Hierarchical Process
Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,3 Vehicle Demo 0,229 0,3
Simulator Demo 0,066 0,6 Simulator Demo 0,066 0,8
Experienceability 0,232 0,2 Experienceability 0,232 0,4
Usability 0,052 0,8 Usability 0,052 1
Pull Paradigm 0,275 0,4 Pull Paradigm 0,275 0,5
Market acceptance 0,020 0,8 Market acceptance 0,020 0,3
Implementation 0,125 0,2 Implementation 0,125 0,1
Overall score 0,348 Overall score 0,423
Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,7 Vehicle Demo 0,229 0,9
Simulator Demo 0,066 0,8 Simulator Demo 0,066 0,7
Experienceability 0,232 1 Experienceability 0,232 1
Usability 0,052 1 Usability 0,052 0,8
Pull Paradigm 0,275 0,6 Pull Paradigm 0,275 0,4
Market acceptance 0,020 0,4 Market acceptance 0,020 0,5
Implementation 0,125 0,5 Implementation 0,125 0,3
Overall score 0,733 Overall score 0,684
Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,9 Vehicle Demo 0,229 0,4
Simulator Demo 0,066 0,9 Simulator Demo 0,066 0,8
Experienceability 0,232 1 Experienceability 0,232 1
Usability 0,052 0,8 Usability 0,052 0,8
Pull Paradigm 0,275 1 Pull Paradigm 0,275 0,7
Market acceptance 0,020 0,5 Market acceptance 0,020 0,5
Implementation 0,125 0,8 Implementation 0,125 0,1
Overall score 0,925 Overall score 0,634
Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,5 Vehicle Demo 0,229 0,4
Simulator Demo 0,066 0,7 Simulator Demo 0,066 0,8
Experienceability 0,232 0,8 Experienceability 0,232 0,4
Usability 0,052 0,4 Usability 0,052 0,1
Pull Paradigm 0,275 0,7 Pull Paradigm 0,275 0,5
Market acceptance 0,020 0,8 Market acceptance 0,020 0,7
Implementation 0,125 0,3 Implementation 0,125 0,4
Overall score 0,614 Overall score 0,444
Intelligent Start-Stop Right of Way Conflict Resolution
Environmental Displays Optimized for Viewer Perspective Virtual Agents for Environmental Displays
Context-Aware Environmental Displays Multiple Reality Environmental Displays
C2X Like Me Button Eco-Score Communities
Figure A.3.: Detailed results of the AHP on use-case level.
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Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,4 Vehicle Demo 0,229 0,7
Simulator Demo 0,066 0,4 Simulator Demo 0,066 0,7
Experienceability 0,232 0,5 Experienceability 0,232 0,8
Usability 0,052 0,4 Usability 0,052 0,6
Pull Paradigm 0,275 0,5 Pull Paradigm 0,275 0,8
Market acceptance 0,020 0,7 Market acceptance 0,020 0,7
Implementation 0,125 0,4 Implementation 0,125 0,8
Overall score 0,457 Overall score 0,758
Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,1 Vehicle Demo 0,229 0,6
Simulator Demo 0,066 0,8 Simulator Demo 0,066 0,9
Experienceability 0,232 0,8 Experienceability 0,232 0,8
Usability 0,052 0,9 Usability 0,052 0,9
Pull Paradigm 0,275 0,5 Pull Paradigm 0,275 0,7
Market acceptance 0,020 0,7 Market acceptance 0,020 0,6
Implementation 0,125 0,6 Implementation 0,125 0,7
Overall score 0,535 Overall score 0,722
Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,8 Vehicle Demo 0,229 0,1
Simulator Demo 0,066 0,8 Simulator Demo 0,066 0,9
Experienceability 0,232 0,7 Experienceability 0,232 0,7
Usability 0,052 0,7 Usability 0,052 0,7
Pull Paradigm 0,275 0,7 Pull Paradigm 0,275 0,9
Market acceptance 0,020 0,4 Market acceptance 0,020 0,7
Implementation 0,125 0,4 Implementation 0,125 0,7
Overall score 0,686 Overall score 0,631
Criterion Criterion Weight Criterion Score Criterion Criterion Weight Criterion Score
Vehicle Demo 0,229 0,9 Vehicle Demo 0,229 0,9
Simulator Demo 0,066 0,9 Simulator Demo 0,066 0,1
Experienceability 0,232 0,9 Experienceability 0,232 1
Usability 0,052 0,8 Usability 0,052 0,8
Pull Paradigm 0,275 1 Pull Paradigm 0,275 0,9
Market acceptance 0,020 0,9 Market acceptance 0,020 0,9
Implementation 0,125 0,9 Implementation 0,125 1
Overall score 0,922 Overall score 0,877
Ad-hoc Rides Linking Environmental Displays and Social Networks
Majority Decisive Environmental Displays Visual Bookmarking in Environmental Displays
Live Video Feeds Microscopic Parking Lot Assistance
Visibility Enhancement for Bicycles E-Bike Combined Battery and Communication Module
Figure A.4.: Detailed results of the AHP on use-case level.
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